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The southern Highland Mountains, located in southwest Montana, contain a diverse assemblage 
of high-grade metamorphic rocks cored by migmatized leucocratic orthogneiss, with garnet-
sillimanite paragneiss and schist at structurally higher levels. Based on the structure of the 
metamorphic rocks, O’Neill et al. (1988) hypothesized that the southern Highland Mountains is a 
gneiss dome. This study evaluates the gneiss dome hypothesis by conducting a petrologic study 
of the metamorphic rocks in the southern Highland Mountains using thin section analysis and 
pseudosections to determine if spatial trends in metamorphic conditions consistent with those of 
gneiss domes exist. In total, six samples were selected for P-T analysis. Pseudosections were 
constructed using the program Theriak/Domino with the internally consistent thermodynamic 
database of Holland and Powell (1998) in the system Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-
H2O-TiO2-Fe2O3 (NCKFMASHTO). Of the six pseudosections, four are of metapelitic rocks 
with the assemblage garnet + sillimanite + biotite + plagioclase + potassium feldspar + ilmenite 
+ quartz, one is an orthoamphibolite with the assemblage garnet + orthopyroxene + biotite + 
anthophyllite + plagioclase + ilmenite + rutile + quartz, and one is an amphibolite with an 
assemblage of garnet + biotite + hornblende + plagioclase + ilmenite + quartz. Petrographic 
analysis in conjunction with pseudosections reveals a prograde clockwise pressure-temperature 
(P-T) path with peak metamorphic conditions ranging from 8.6 to 9.6 kbar and 750 to 840 °C. 
The P-T path for the metapelitic rocks went through the kyanite stability field before stabilizing 
within the sillimanite stability field. A lack of a significant change in P-T conditions from core to 
flanks suggests that the metamorphic evolution of these rocks is not consistent with the gneiss 
dome hypothesis. When the metamorphic conditions of the southern Highland Mountains are 
compared to those of the surrounding mountain ranges (the Tobacco Root Mountains, Ruby 
Range, and Gravelly Range), a succession of progressively decreasing pressures and 
temperatures is observed from north to south. This succession suggests that the metamorphic 
rocks in these mountains ranges represent a nearly continuous stratigraphic exposure of rocks 
from the metamorphic core of a regional scale thermotectonic event called the Big Sky orogeny. 
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INTRODUCTION 
Gneiss domes are fundamental structural features of orogenic systems worldwide. Gneiss 
domes consist of exhumed, high-grade, mid- to deep-crustal metamorphic rocks that occur in a 
domal structure encased by supracrustal strata (Eskola, 1949; Whittington, 2004). The cores of 
gneiss domes consist of a metamorphic-plutonic complex comprised of older granites and coeval 
migmatites intruded during gneiss dome formation (Eskola, 1949). These domes are typically 
flanked by shear zones that accommodated upward movement (Whittington, 2004). Gneiss 
domes occur in both contractional and extensional tectonic settings, and form through 
mechanisms that include 1) diapiric upwelling due to density inversion, 2) faulting, 3) folding, or 
4) some combination of the three (Yin, 2004). Understanding how gneiss domes form can 
provide insight into orogenic processes such as melting, flow of partially molten crust, and 
exhumation of deep crustal rocks. 
The southern Highland Mountains, located 40 km south of Butte, Montana (Figure 1), 
contain a diverse assemblage of high-grade metamorphic rocks, with a core dominated by 
migmatized quartzofeldspathic gneiss, with biotite gneiss more prevalent at structurally higher 
levels. This association of metamorphic rock types occurs as a NE-SW elongate structural dome. 
The structural features of the southern Highland Mountains have been interpreted by O’Neill et 
al. (1988) as a gneiss dome that developed during a Proterozoic arc-continent collision. No 
modern petrologic study of the metamorphic evolution of these rocks exists. This study therefore 
aims to address the Highland Mountain Gneiss Dome (HMGD) hypothesis through a structural 
and petrologic analysis of metamorphic fabrics, microstructures, mineral assemblages, and 
pressure-temperature (P-T) paths in order to place constraints on the formation and exhumation 
of the southern Highland Mountains during the Early Proterozoic. More specifically, the gneiss 
dome interpretation of O’Neill et al. (1988) will be evaluated to infer exhumation mechanisms of 
the metamorphic rocks of the southern Highland Mountains. 
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Regional Background 
Approximately 5 - 10% of Archean rocks of the Wyoming province were uplifted and 
exposed during the Laramide orogeny (Burger, 2004). Four of these uplifts, the Highland 
Mountains (HM), the Tobacco Root Mountains (TRM), the Ruby Range (RR), and the Gravelly 
Range (GR), are located near the northwest margin of the Wyoming province at the intersection 
of the Cretaceous-Tertiary Laramide thin-skinned fold and thrust belt and the basement-cored 
fold and thrust belt (O’Neill et al., 1988). This location places the HM, TRM, RR, and GR south 
of a zone of high angle faults and lineaments that has been named The Great Falls Tectonic Zone 
(GFTZ). The GFTZ extends from southwestern Montana to Saskatchewan in a southwest-
northeast direction and separates the Medicine Hat Block from the Wyoming Province (Mueller 
et al., 2005). This zone has been hypothesized as a magmatic arc that separates the Medicine Hat 
Block from the Wyoming Province (O’Neill and Lopez, 1985; Boerner et al., 1998; O’Neill, 
1998). South of the HM, TRM, RR, and GR is a northeast-southwest oriented boundary that 
extends from south of the RR through the northern part of the GR, and ends north of the Gallatin 
Range (Giletti, 1966) (Figure 2). This boundary has been named Giletti’s Line. Giletti (1966) 
Figure 1. Location map of the Highland Mountains. 
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used K-Ar and Rb-Sr dating of basement rocks in SW Montana to delineate a zone of rocks to 
the northwest of the line with reset ages ca. 1.6 Ga, and a zone southeast of the line where 
original Archean ages (>2.5 Ga) were preserved. The boundary has been hypothesized to 
represent the southern limit of a thermotectonic event associated with a 1.8 Ga orogenic event in 
southwestern Montana (Harms et al., 2004). This location places the HM, TRM, RR, and GR in 
a unique position between the Great Falls Tectonic Zone and Giletti’s Line (Figure 2). 
 
Wyoming Province  
 The Wyoming Province is an Archean province with limited exposures from  Laramide 
uplifts (Burger, 2004). Exposures delineating the margins of the province are the Black Hills of 
South Dakota in the east, the Little Rocky Mountains of Montana to the north, the HM and RR of 
Montana in the northwest, the Albion and Raft River Ranges of Utah and Idaho and the Ruby 
Mountains of Nevada to the southwest, and the northeastern Uinta Mountains of Utah to the 
south (Mueller et al., 1998) (Figure 3). There are three sub-provinces within the Wyoming 
Province: the Montana metasedimentary terrane in the northwest, the Beartooth-Bighorn 
Figure 2. Map showing the location of the Highland Mountains, Tobacco Root Mountains, Ruby Range, and the 
Gravelly Range in relation to the Great Falls Tectonic Zone and Giletti’s Line. Giletti’s Line represents a 
tectonothermal boundary that separates basement rocks with Paleoproterozoic K-Ar and Rb-Sr cooling ages 
dates to the north and Archean cooling ages to the south (Giletti, 1967). Modified from Harms et al. (2004). 
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magmatic terrane in the north, and the Wyoming greenstone province to the south (Mogk at al., 
1992). These sub-provinces are delineated based on age, metasedimentary sequences, and the 
composition of the metamorphic and magmatic rocks (Harms et al., 2004). The Montana 
metasedimentary terrane, of which the HM, TRM, RR, and GR are a part, is characterized by a 
distinctive carbonate-quartzite-pelite sequence within a dominantly quartzofeldspathic gneiss. 
Some of the gneiss shares an igneous protolith with magmatic ages ranging from 3.3 to 3.1 Ga 
(Mogk et al., 1992; Muller et al., 1993). The tonalite-trondhjemite-granodiorite intrusives, which 
are the dominant rock types of the Beartooth-Bighorn magmatic terrane, have been dated to 2.9-
2.7 Ga (Mogk et al., 1992). Xenoliths of metasupracrustal rocks are also present in the 
Beartooth-Bighorn magmatic terrane (Mogk et al., 1992). Greenstone belts containing 
metasedimentary and mafic to ultramafic metavolcanic rocks are intruded by granitoids of the 
Wyoming greenstone province, which have been dated at 2.7-2.5 Ga (Muller and D’Arcy, 1990). 
 Evidence from detrital zircons suggests the Wyoming province formed during a 3.4 to 3.2 
Ga crustal growth event (Mueller et al., 1998). The Wyoming province was then affected by a 
collision with the Hearne province in the Early Proterozoic, the collisional boundary of which is 
thought to be the Great Falls Tectonic Zone (Mueller et al., 2002, 2004, 2005; Burger, 2004). 
 
Big Sky Orogeny 
The Southern HM, TRM, RR, and the northern part of the GR are similar in that each 
contains quartzofeldspathic basement and a supracrustal sequence of pelitic rocks (Wilson, 
1981). The mountain ranges also share a metamorphic event at 1.8-1.6 Ga with a clockwise P-T 
path that caused extensive reworking of pre-existing rock and overprinted prior structures during 
high-grade metamorphism (Harms et al., 2004) (Table 1). This widespread event has been 
termed the Big Sky orogeny (Harms et al., 2004). The southern HM, TRM, RR, and northern GR 
record the core deformational zone of the Big Sky orogeny (Harms et al., 2004), which trends 
southwest-northeast and extends from the HM in the southwest to the Little Belt Mountains in 
the northeast. The core of the Big Sky orogeny abuts the southern boundary of the GFTZ and 
parallels the trend (Harms et al., 2004).  
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Figure 3. Map showing the Montana Metasedimentary Terrane, Beartooth-Bighorn Magmatic Terrane, 
and the Wyoming Greenstone Province. Black areas are the Precambrian exposures. Solid line is the 
boundary between the Montana Metasedimentary Terrane and the Beartooth-Bighorn Magmatic Terrane. 
Dashed line is the limit of the Wyoming Province exposure. Modified from Harms et al. (2004). 
Table 1. P-T-t table comparing the pressure, temperature, and time of metamorphism of the Tobacco Root 
Mountains, Gravelly Range, Ruby Range, and Southern Highland Mountains. 
Location 
Age of Metamorphism 
(Ga) Pressure (kbars) Temperature (  c) Source 
Gravelly Range 
2.5i 
1.61h 
 
3i 
 
540i 
h (Giletti, 1966) 
i(Gerwin, 2006)  
Highland Mountains 1.77ab 
9.6c 
9.5c 
9.4c 
8.7c 
8.6c 
8.6c 
780c 
780c 
790c 
750c 
840c 
770c 
a (O’Neill et al., 1988) 
b ( Mueller et al., 2005) 
c This paper 
Ruby Range 
2.7g 
2.4g 
1.8f 
 
 
6-9f 
 
 
750-800f 
f (Alcock et al., 2013) 
g(Jones, 2008) 
Tobacco Root 
Mountains 
2.45c 
1.77c 
1.77c 
M1 >10cde 
M2 6c 
M1 >800cde 
M2 650c 
c (Cheney et al., 2004) 
d (Harms et al., 2006) 
e (Reid, 1963) 
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In addition to the metamorphic rocks from the core of the orogeny, geochemical analysis 
of metabasalt rocks and seismic data have been used to further suggest that an orogenic event 
occurred. Metabasalt, likely caused by rifting and opening of an ocean basin to the north of the 
Wyoming province, exhibits rare earth element patterns similar to those of basalt in continental 
rift settings of today (Harms et al., 2004). Additionally, a north-dipping seismic reflector, which 
can be observed in the “Deep Probe” seismic refraction line, is interpreted as a relict subduction 
zone that projects to the surface along trend of the Big Sky orogeny (Henstock et al., 1998; 
Gorman et al., 2002). 
The closure of the ocean basin north of the Wyoming province and the onset of the Big 
Sky orogeny are recorded in both rock geochemistry and mineral textures. Felsic gneiss, mafic, 
and sedimentary protoliths all show characteristics indicative of an arc setting. The gneiss is 
enriched in large ion lithophiles and has Nb, Y, Rb, and Ta patterns indicating a volcanic arc or 
syncollisional granite protolith (Mogk et al., 2004; Firtig et al., 2006). The geochemical data 
from the mafic rocks plot on Mn-Ti-P trace element variation diagrams developed by Mullen 
(1983) and Zr-Ti-Sr trace element variation diagrams of Pearce and Cann (1973) in the ocean 
floor field (Mogk et al., 2004). The sedimentary protolith rocks are chemically similar to clastic 
rocks of current continental margins (Harms et al., 2004). In addition to the rock geochemistry, 
cordierite coronas around minerals in the TRM and RR (Mueller et al., 2005), further suggest 
that the Big Sky orogeny may be the result of an arc terrane colliding with and overriding the 
Wyoming province from the north (Harms et al., 2004). This collision is hypothesized to be the 
closure of a subduction zone between the Wyoming and Hearne Province (Mueller et al., 2005) 
(Figure 4). 
 
Tobacco Root Mountains 
The Tobacco Root Mountains (TRM) are located approximately 46 km east of the 
southern HM and contain four major Precambrian rock sequences. These four sequences are the 
Indian Creek Metamorphic Suite (ICMS), the Pony-Middle Mountain Metamorphic Suite 
(PMMS), the Spuhler Peak Metamorphic Suite (SPMS), and metamorphosed mafic dikes and 
sills (MMDS) (Burger, 2004; Krogh et al., 2011). 
The Indian Creek Metamorphic Suite (ICMS) occurs in the west-central part of the TRM 
(Mogk et al., 2004) and is a succession of mostly metamorphosed supracrustal rocks, which 
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include hornblende gneiss, granulite, quartzofeldspathic gneiss, sillimanite schist, and marble-
quartzite-pelitic schist and banded iron formation (Mogk et al., 2004; Krogh et al., 2011). 
The Pony-Middle Mountain Metamorphic Suite (PMMS) occurs in the northeastern part 
of the TRM (Mogk et al., 2004). The PMMS primarily contains quartzofeldspathic paragneiss 
associated with sillimanite schist and quartzite, metamorphic mafic rocks and lesser 
metasupracrustal rocks (Mogk et al., 2004; Krogh et al., 2011). 
The ICMS and PMMS are fundamentally similar, but differ in that the PMMS does not 
have a prevalent metasupracrustal suite present whereas the ICMS does (Mogk et al., 2004). 
Both suites contain compositional layering ranging from centimeters to hundreds of feet thick 
(Harms et al., 2004). These suites also contain multiple generations of migmatites that are both 
conformable with the folding and crosscut rock layer within each suite, which along with 
pegmatites that contain microcline, quartz, biotite, and muscovite crosscutting foliation, show a 
long and varied tectonic history (Mogk et al., 2004). 
Figure 4. Map showing the location of the Wyoming Province in relation to the Great Falls  
Tectonic Zone, Medicine Hat Block and the Hearne Province. Modified from Mueller et al. (2005). 
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 The Spuhler Peak Metamorphic Suite (SPMS) is only exposed in a small area in the west-
central part of the TRM (Burger et al., 2004). The SPMS lies above the ICMS and under the 
PMMS (Burger et al., 2004) but originally overlaid both of these suites (Burger, 2004) 
suggesting the SPMS was faulted into place and is allochthonous (Gerwin, 2006). The SPMS is a 
thick sequence of diverse rock types (Burger et al., 2004) dominated by amphibolite, coarse 
anthophyllite–gedrite–garnet gneiss, pelitic schist, and hornblende gneiss, with lesser amounts of 
quartzite, aluminous schist, quartzofeldspathic gneiss, and ultramafic rocks (Burger et al., 2004; 
Krogh et al., 2011). Geochemistry of the amphibolite, orthoamphibolite-garnet gneiss, and meta-
ultramafic rocks record a tholeiitic basalt to komatiitic basalt protolith signature for the rocks in 
the SPMS (Burger et al., 2004). These geochemical data suggest that the protolith of the SPMS 
is either Archean tholeiitic basalt with minor pelagic sediment or an unconformable 
metavolcanic suite (Gillmeister, 1972; Burger et al., 2004; Krogh et al., 2011). 
 Metamorphosed mafic dikes and sills (MMDS) are widespread in the ICMS and PMMS, 
but are absent in the SPMS, suggesting that the intrusion of the MMDS predates the presence of 
the SPMS (Gillmeister, 1971; Vitaliano et al., 1979; Burger et al., 2004; Brady et al., 2004). The 
MMDS are discontinuous, fine-grained, dark rocks that are in sharp contact with rocks of both 
the ICMS and PMMS (Brady et al., 2004; Krogh et al., 2011). The mineral assemblage of the 
MMDS is Pl + Cpx + Hbl + Bi ± Grt (Mineral abbreviations are listed in Table 2), with more 
abundant hornblende and biotite near the edges of each dike or sill (Brady et al., 2004). 
 The rocks of the MMDS contain two groups of zircons (Mueller et al., 2004). One group 
contains prismatic zircons and yield a weighted mean 
207
Pb/
206
Pb date of 2.060 ± 0.006 Ga, and 
the other group contains smaller rounded zircons that yield an error-weighted mean 
207
Pb/
206
Pb 
age of 1.763 ± 0.008 Ga (Mueller et al., 2004). The 2.060 Ga age is interpreted as the age of 
intrusion and the 1.763 Ga age is interpreted as the timing of metamorphism (Mueller et al., 
2004). 
 A geochemical analysis of the MMDS show REE values at least ten times higher than 
chondritic abundances and LREE enrichment relative to the HREEs (Brady et al., 2004). These 
values are similar to modern-day rift valleys and suggest a continental source (Brady et al., 
2004).  
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Three major metamorphic episodes have 
occurred in the TRM (Reid, 1963). The first 
metamorphic event M0, which can only be found in 
the ICMS and PMMS, occurred at 2.45 Ga (Cheney 
et al., 2004) and was high-grade, which resulted in 
coarse foliation in many rocks and tight isoclinal 
folds that were later cut by the MMDS (Reid, 1963; 
Cheney et al., 2004). Rocks were sufficiently cool 
following the M0 event that chilled margins are 
observed in the MMDS (Brady et al., 2004). M1, 
which has been dated to 1.77 Ga, can be found in all 
of the metamorphic suites. The M1 event completely 
destroyed the M0 fabrics (Reid, 1963; Cheney et al., 
2004). M1 corresponds to upper amphibolite to 
granulite facies metamorphism with P-T conditions 
of >10 kbar and > 800 °C (Reid, 1963; Cheney et al., 
2004; Harms et al., 2006). The M1 event is 
associated with large porphyroblasts of kyanite, 
orthopyroxene, clinopyroxene, orthoamphibolite, 
garnet (Cheney et al., 2004) and hypersthene in the 
mafic rocks (Reid, 1963). M2 resulted from 
significant decompression at high temperatures, 
which has been attributed to tectonic denudation 
(Figure 5) (Cheney et al., 2004; Harms et al., 2006). 
The denudation resulted in new mineral growth 
consistent with upper amphibolite facies conditions with pressures of around 6 kbar and 
temperatures of 650 °C (Cheney et al., 2004). M2 overprinted the higher pressure textures 
formed during M1 with a lower pressure texture defined by fine-grained sillimanite, cordierite, 
sapphirine, orthopyroxene, hornblende, and biotite (Reid, 1963; Cheney et al., 2004). M1 and 
M2 events define a clockwise loop which is typical of tectonic burial during continental 
collisional (Cheney et al., 2004; Harms et al., 2006).  
Table 2. Mineral abbreviations. 
  Abbreviation             Mineral 
A
b
b
re
vi
at
io
n
 in
 t
ex
t 
apa apatite 
cal calcite 
crd cordierite 
chl chlorite 
grt garnet 
ms muscovite 
oamp orthoamphibole 
pyx pyroxene 
qtz quartz 
gah gahnite 
her hercynite 
fib fibrolitic sillimanite 
A
b
b
re
vi
at
io
n
 in
 b
o
th
 t
ex
t 
an
d
 
p
se
u
d
o
se
ct
io
n
s 
ath anthophyllite 
cpx clinopyroxene 
hbl hornblende 
ilm ilmenite 
ksp potassium feldspar 
ky kyanite 
liq melt 
opx orthopyroxene 
pl plagioclase 
ru rutile 
bi biotite 
sill sillimanite 
A
b
b
re
vi
at
io
n
 in
 
p
se
u
d
o
se
ct
io
n
s 
cd cordierite 
ep epidote 
g garnet 
fath ferroanthophyllite 
hem hematite 
mu muscovite 
q quartz 
prg pargasite 
sp spinel 
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Figure 5. P-T path of metamorphic rocks in the Tobacco Root Mountains is shown by the large arrow. 
Green rectangles represent the pressure and temperature of M1 and M2 in the TRM. The blue hexagon 
represents the peak metamorphic conditions reported from the RR. Conditions in which staurolite is no 
longer stable above is expressed by the dashed line. Field with horizontal lines is the pressures and 
temperatures orthoamphibole is no longer stable. Dotted box is the dehydration melting temperature 
for biotite + quartz. TRM data modified from Cheney et al. (2004), RR data modified from Ravna 
2000) and Dahl (1980). 
Ruby Range 
The Ruby Range (RR) is located approximately 36 km south-southwest of the southern 
HM and contains three lithologic sequences of rocks (Garihan, 1979). The oldest sequence 
consists of hornblende- and biotite-rich paragneiss, amphibolite, migmatite, and chlorite schist. 
Stratigraphically higher is a sequence of quartzofeldspathic and granitic gneiss, while the 
uppermost suite is a metasedimentary sequence containing dolomitic marble, quartzite, pelitic 
schist, and aluminous gneiss and schist (Garihan, 1979; Vitaliano et al., 1979; Karasevich et al., 
1981; O’Neill, 1988; Gerwin, 2006). Granulite-facies metabasite dikes and isolated bodies 
containing hypersthene, clinopyroxene, hornblende, and plagioclase can also be observed 
crosscutting folds and foliation of the other rock suites (Garihan, 1979).  
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P-T data from rocks in the RR have recorded varying pressures and temperatures of upper 
amphibolite to granulite facies. The absence of prograde muscovite with sillimanite and K-
feldspar indicates metamorphic conditions ranging from 2.5 to 6.3 kbar and >500 °C using the 
reaction of muscovite + quartz  aluminosilicate + K-feldspar + melt which occurs at a 
minimum of 500 °C in the andalusite zone and 600 °C in the sillimanite zone (Garihan, 1979; 
Dahl, 1979, 1980; Gerwin, 2006). In the northern part of the RR, where the highest grade of 
metamorphism occurred, Dahl (1979) used the presence of orthopyroxene in a mafic gneiss to 
constrain P-T conditions to 5-8 kbar and 675-745 °C and Gerwin (2006) determined P-T 
conditions of 1.8-5.8 kbar and 475-685 °C using GARB/GASP geothermobarometry. Reset 
hornblende K-Ar ages led Brady et al. (1998) to conclude the maximum temperature must have 
exceeded the hornblende closure temperature of 525 °C. Ravna (2000) used the data presented in 
Dahl (1979) to perform geothermobarometry using updated calibrations and calculated 
conditions of 7 kbar and 680 °C. Alcock et al. (2013) used pseudosections of samples analyzed 
by EMP to determine a pressure range of 6-9 kbar and temperature of 750-800 °C (Figure 5). 
The presence of cordierite coronas around garnet, sillimanite, and relict kyanite found in some 
metapelitic rocks in the RR (Garihan, 1979; Dahl and Friberg, 1980; Ravna 2000), indicates that 
the P-T path must have passed from the kyanite stability field through sillimanite stability 
(Karasevich et al., 1981) before cordierite growth during decompression (Garihan, 1979). 
Geochronological data from zircon grains in the metasupracrustal rocks (quartzite, 
amphibolite, marble, and quartzofeldspathic gneiss) of the RR indicate at least three 
metamorphic events (Brady et al., 1998; Dahl and Hamilton, 2002). Zircon grains in 
metasupracrustal rocks yield 
207
Pb/
206
Pb ages of 3.52 to 1.91 Ga (Mueller et al., 1998). Jones 
(2008) found up to seven discrete thermotectonic events from dating zircon, monazite, and 
xenotime using SHRIMP-RG isotopic-spot-ages. Two 
207
Pb/
206
Pb ages (3452 ± 14 Ma and 1784 
± 57 Ma) agree with Mueller et al. (1998), however, a third age of range of 2772-2468 Ma was 
recorded. From these data, a P-T-t path was constructed with the first metamorphic event 
occurring at 3.1-2.7 Ga with upper amphibolite facies conditions of 650 to 750 °C, 8-10 kbar.  
The second event at 2.5 Ga, which is attributed to rift-related metamorphism from the incipient 
breakup of the pre-Laurentia continent Kenorland (Dahl and Hamilton, 2002), and the third event 
occurring at 1.8-1.7 Ga with pressures of 6-9 kbar and temperatures 750-800 °C (Alcock et al., 
2013).  
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Rocks of the TRM and RR are characterized by upper amphibolite facies metamorphism 
consisting of a quartzofeldspathic gneiss, dolomitic marble, amphibolite, quartzite/chert, garnet-
biotite-sillimanite schist and banded iron-formation sequence, a clockwise P-T path, and small 
tectonically emplaced ultramafic fragments (Wilson, 1981). These similarities suggest that the 
TRM and RR may share a similar history and origin (Gerwin, 2006). 
 
Gravelly Range 
The Gravelly Range (GR) is located 60 km southwest of the southern HM and consists of 
thrusted and faulted metamorphic rocks (Gerwin, 2006). Lithologies in the northern GR consist 
of quartzofeldspathic gneiss and a suite of high-grade sillimanite and kyanite-bearing 
metasupracrustal rocks of similar metamorphic grade to those in the TRM (Harms et al., 2006). 
The metamorphic grade of the remainder of the GR is lower, at greenschist to lower amphibolite 
facies (Gerwin, 2006; Harms et al., 2006; Fricke, 2009). Lithologies of the southern and central 
GR consist of a sequence of interlayered metasedimentary and mafic meta-igneous rocks 
including phyllite, quartzite, marble, banded iron-formation, and amphibolite (Gerwin, 2006; 
Harms et al., 2006; Fricke, 2009). This sequence of rocks is of such a low grade that relict 
sedimentary structures and basalt pillows are preserved (Harms et al., 2006).  
The juxtaposition of high-grade rocks in the northern GR with lower grade rocks in the 
southern and central GR coincides with Giletti’s line, which is thought to trend through the GR 
(O’Neil, 1998). Two K-Ar dates were obtained from the northern GR. K-feldspar and biotite in a 
kyanite schist yielded ages of 1.52 Ga and muscovite in a granite gneiss yielded an age of 1.61 
Ga (Giletti, 1966). The southern and central GR record a lower grade of metamorphism which 
record pressures and temperatures of at least 3 kbar and 540 °C. A clockwise P-T path is 
centered around the aluminosilicate triple point. This path started in the andalusite zone, then 
proceeded into the kyanite zone, and was followed by sillimanite formation. This lower grade of 
metamorphism was constrained by monazite dating at 2.570 ± .045 Ga from a sillimanite-bearing 
phyllite (Gerwin, 2006).  
This time gap in the GR is evidence for a higher grade orogenic event that occurred in the 
northern part of the GR at the same time (ca. 1.8 Ga) as an event in the southern HM, TRM, and 
RR. In contrast, the southern and central GR shows evidence for only an older, lower-grade 
orogenic event (ca. 2.5 Ga) (Gerwin, 2006). 
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Highland Mountains 
The HM contain the westernmost exposure of Archean/Proterozoic rock in the Wyoming 
province (O’Neill et al., 1988), and are located in southwestern Montana, 40 km south of Butte, 
Montana (Figure 1). The HM are composed of Mesoproterozoic Belt Supergroup supracrustal 
units, pre-Belt Archean/Proterozoic (?) basement rocks (Duncan, 1976), Cretaceous intrusions, 
and Early Proterozoic dikes and sills (Harlan et al., 1996) (Figure 6). The hypothesized Highland 
Mountain Gneiss Dome (HMGD) occurs in the southeastern part of the HM with an approximate 
areal extent of 240 km
2
 within the pre-Belt Archean/Proterozoic basement rocks. The HMGD 
exposes an apparent fault-bounded gneiss dome recording a 1.77 Ga metamorphic event 
(Duncan, 1976; O’Neill et al., 1988; Mueller et al., 2005). The metamorphic grade of the rocks 
in the HMGD varies spatially and has been described as a high-grade, migmatitic, 
quartzofeldspathic core overlain by metamorphosed supracrustal rocks (O’Neill et al., 1988). 
There is major faulting to the north and east of the HMGD (O’Neill et al., 1988); however, these 
faults are not synchronous with the formation of the HMGD and bring the HMGD into contact 
with rocks of younger ages. The dome is truncated to the east by a Tertiary-Quaternary basin-
bounding fault, which juxtaposes the HMGD against Cenozoic sediments. The Laramide Silver 
Star thrust fault is on the northeastern edge of the HMGD (O’Neil and Schmidt, 1989). The 
northern edge of the HMGD is bounded by the Camp Creek fault, a thrust fault that thrusts the 
HMGD over rocks of the Belt Supergroup (Hamilton and Myers, 1974). NW-SE trending left-
lateral oblique faults transect the dome (Duncan, 1976).  
 
Metamorphic Rocks 
The quartzofeldspathic rocks of the HMGD consist of two units: a massive leucocratic 
gneiss (X(A)q) and a well-foliated quartz-feldspar-biotite gray gneiss (X(A)qf) (Duncan, 1976; 
O’Neill et al., 1988; O’Neill et al., 1996). The massive, strongly deformed, lineated leucocratic 
gneiss comprises the core of the dome, which is the structurally lowest level (O’Neill et al., 
1988). The leucocratic gneiss has poorly developed foliation and consists mainly of quartz and 
feldspar with minor amounts of biotite (Duncan, 1976). Augen of K-feldspar (1-3 cm) and 
migmatites are common. The gneiss commonly has a sugary texture that is strongly lineated with 
planar foliation and is deformed into low amplitude folds in some places (O’Neill et al., 1988).  
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Figure 6. Sample locations displayed on a generalized geologic map of the southern Highland Mountains. Area A 
is a close up of Camp Creek (CC) and Rochester Creek (RC) sample areas. Area B is a close up of O’Neill’s 
Gulch(OG), Borrow Pit (BP), Lower Nez Perce Creek (LNP), Middle Nez Perce Creek (MNP), Nez Perce Side 
Gully (NPSG), and Nez Perce Hill (NPH) sample areas. The blue dots are the locations of collected samples. The 
green dots are the locations of samples collected for EMP analysis. Map modified from O’Neill et al. (1988). 
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The quartz-feldspar-biotite gray gneiss lies above the leucocratic gneiss with a gradational 
contact between the two units (O’Neill et al., 1988). The fine- to medium-grained quartz-
feldspar-biotite gneiss is distinguished from the leucocratic gneiss by alternating bands of gray 
and white layers as well as a stronger foliation defined by biotite, which alternates with 
leucocratic layers (Duncan, 1976). 
Garnetiferous gneiss (X(A)g) overlies the quartz-feldspar-biotite gneiss (O’Neill et al., 
1988; O’Neill et al., 1996). The garnetiferous gneiss is comprised of an extremely diverse 
garnet-rich unit composed of quartzofeldspathic and biotite gneiss, amphibolite, quartz-
plagioclase-garnet gneiss, anthophyllite-garnet gneiss, magnetite gneiss, and marble (Duncan, 
1976). Most beds within the unit have well-developed foliation that is parallel to lithologic 
contacts (O’Neill et al., 1988). 
Overlying the garnetiferous gneiss is biotite gneiss that is the structurally highest unit of 
the HMGD (Duncan, 1976). This sequence is comprised of a lower mylonitic biotite gneiss unit 
(X(A)m) which gradually grades over several hundred meters into an upper unit of garnet-biotite 
gneiss (X(A)gb) (O’Neill et al., 1988; O’Neill et al., 1996). The lower mylonitic biotite gneiss is 
medium- to coarse-grained and composed of biotite, quartz, and plagioclase with porphyroblasts 
of garnet. Plagioclase is either anhedral, fractured, and sheared out in the direction of foliation, 
or augen. Abundant tectonically-distended fragments of amphibole are also observed in the 
mylonitic gneiss. Along with texture, the mylonitic gneiss is distinguished from the garnet-biotite 
gneiss above by a planar non-folded fabric. The upper garnet-biotite gneiss is a massive and 
strongly folded unit that has been intruded by many ~ 4 cm-thick quartz-feldspar sills (O’Neill et 
al., 1988). 
Lenses of amphibolite containing hornblende + plagioclase ± garnet ± quartz ± 
hornblende ± biotite are present in all rock types of the HMGD. The lenses usually have a width 
of 0.5-3 m and a length <60 m (Duncan, 1976). 
 
Igneous Rocks 
 Sills of granitic aplite to pegmatite occur in the well-foliated gneiss that caps the core of 
the dome. The aplite and pegmatite are medium-to-coarse-grained quartz monzonite that 
generally occur in a sill swarm on the northwestern flank of the dome. The base of the swarm 
consists of a zone of uniform quartz monzonite to well-layered leucocratic augen gneiss (O’Neill 
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et al., 1988). These rocks are composed of quartz ribbons, potassium feldspar augen, and minor 
amounts of muscovite and biotite. In many places, the rocks are smeared out in the direction of 
foliation (O’Neill et al., 1988). On top of the non-layered quartz monzonite, are massive non-
layered aplite and pegmatite sills that are interconnected through short near-vertical dikes. The 
dikes and sills commonly contain small xenoliths of mylonitic biotite gneiss. Sills smaller than 3 
m-thick are fine- to medium-grained, non-foliated, and weakly porphyritic. When thicker than 3 
m, the sills are coarse-grained with pegmatite cores that may contain crystal aggregates of 
potassium feldspar and/or quartz greater than 1 m across (O’Neill et al., 1988). 
 One to fifteen m-thick, weakly foliated, dark brown to black metabasite dikes and sills 
occur in the leucocratic core of the HMGD. The metabasite is composed of hornblende, garnet, 
augite, and plagioclase (O’Neill et al., 1988). Where metabasite contacts the quartz-feldspar-
biotite gneiss overlying the core of the dome, the metabasite occurs as sills or irregularly shaped 
pods that pinch and swell along strike.  
 Diabase with plagioclase, augite, oxides, and minor hornblende occurs as dikes in the 
southern HM. The 3-100 m-thick sub-vertical diabase dikes trend west-northwest and are 
structurally controlled by major northwest trending faults (O’Neill et al., 1988). The dikes are 
younger than the age of metamorphism and similar dikes in the nearby TRM have been dated at 
1.45 and 1.12 Ga based on whole-rock Rb-Sr isochrons (Wooden et al., 1978). 
 
Previous Work 
Timing 
The timing of metamorphism of the HMGD has been evaluated via U-Th-Pb dating of 
zircon and monazite. O’Neill et al. (1988) sampled leucocratic gneiss from the core and 
mylonitic biotite gneiss from the northeastern flank of the dome to obtain ages. In both of these 
rock types two populations of zircons were observed: a euhedral population that grew during 
metamorphism and yielded ages of 1.8 Ga, and a subhedral population that predated final 
metamorphism and deformation (O’Neill et al., 1988). Subsequent work by Gerwin (2006) on 
Camp Creek monazite found two different Th-Pb chemical age populations with weighted means 
of 1819 ± 28 Ma and 1737 ±69 Ma. While the 1819 ± 28 Ma age agrees with the U-Th-Pb 
metamorphism age from O’Neill et al. (1988), the second age of 1737 ± 69 Ma is ~120 m.y. 
younger and has a larger standard deviation with a large difference in core and rim ages. This led 
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Gerwin (2006) to suggest two periods of monazite growth: one at about 1.82 Ga and the other at 
about 1.74 Ga. The two periods of monazite growth were confirmed by Matthews (2006), who 
used EMP monazite dating in an orthoamphibolite found in O’Neill’s Gulch and Nez Perce 
Creek. The monazite grains yielded age ranges of 1856 ± 21-1806 ± 24 Ma and 1761 ± 15-1717 
± 28 Ma. 
 
Petrology 
 Equilibrium mineral assemblages have been used to calculate pressures and temperatures 
of metamorphism in the southern HM. Duncan (1976) found anthophyllite in the garnetiferous 
gneiss, indicating the reaction anthophyllite  enstatite + quartz + H2O had not taken place. This 
reaction constrains the temperatures to about 750 °C or greater when PH2O is 1 kbar or greater 
(Duncan, 1976). In O’Neill’s Gulch and Camp Creek, Gerwin (2006) found evidence of partial 
melting with leucosome rich in feldspar, quartz, and garnet, and restite that was more biotite-
rich. Gerwin (2006) found that rocks from Camp Creek were muscovite-absent, indicating the 
reaction muscovite + quartz → potassium feldspar + aluminosilicate had occurred, which 
constrains the temperature of metamorphism to at least 600 °C (Spear, 1993). However, the 
sample from O’Neill’s Gulch contains microcline and minor amounts of muscovite, suggesting 
the rocks there experienced lower temperatures or higher pressures preventing completion of the 
reaction of muscovite + quartz → potassium feldspar + aluminosilicate + melt (Duncan, 1976; 
Gerwin, 2006). Garnet-biotite-quartz-plagioclase thermobarometry on a sample from Camp 
Creek indicated pressures of <1.7-3.75 kbar and temperatures ranging from < 400 to about 540 
°C (Gerwin, 2006). These temperatures are too low for the present mineral assemblage, 
suggesting that re-equilibration of the garnets occurred during cooling (Gerwin, 2006). Garnet-
biotite thermometry performed on garnets from an orthoamphibolite in O’Neill’s Gulch yielded 
temperatures of 700-800 °C (Matthews, 2006), which is more appropriate for the mineral 
assemblages found in O’Neill’s Gulch. Along with the P-T data, reaction textures (i.e. gedrite 
with rims of cordierite, cordierite-sapphirine-spinel symplectites separating kyanite from gedrite) 
from orthoamphibolite in O’Neill’s Gulch indicate that the rock experienced isothermal 
decompression (Cheney et al., 2004; Matthews, 2006).  
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Metamorphosed Mafic Dikes and Sills (MMDS) 
The MMDS of the southern HM have been studied to determine the timing of intrusion 
and tectonic setting during emplacement. Harlan et al. (1996) used 
40
Ar/
39
Ar hornblende 
thermochronology to determine an isotopic age, resulting in an age range of 1.820-1.793 Ga for 
metabasite of the southern HM.  
Samples of the MMDS that cross cut and intrude the layering of the surrounding gneiss 
were analyzed for major element chemistry, and revealed a subalkaline tholeiitic basaltic 
protolith with a P2O5 and Zr incompatibility indicating that at least fifty percent of the liquid 
must have been crystallized between the first and last intrusion (Moore, 2006). The amount of 
crystal fractionation of the MMDS means the HMGD must have remained in one place for a 
significant amount of time for this process to occur (Moore, 2006). When the major element 
chemistry of the southern HM is compared to the TRM, many similarities are apparent. The 
similar chemical trends of the MMDS found in both the southern HM and TRM combined with 
the proximity of the ranges indicates that the MMDS formed from a common origin in a 
continental rift setting (Brady et al., 2004; Moore, 2006).  
 
Structure 
The HMGD is slightly asymmetrical with a trend to the northeast in the south and 
towards the east in the north. The axial core of the dome is split by a medial synform that 
separates the dome and exposes core rock along the axis. The core rocks are overlain by quartz 
feldspar biotite gneiss and mylonitic biotite gneiss that outline the shape of the dome. In the 
northwest, a 3 km-thick sequence of mylonitic biotite gneiss is overlain by a northeast-trending 
southwest plunging synform of biotite garnet gneiss. A northwest-dipping shear zone formed 
between the mylonitic biotite gneiss and the synform as a result of the folding event, preserving 
shear sense indicators that indicate down-dip (northward) movement of the synform. In addition 
to the large map-scale folds (synform and dome), outcrop scale folds are present in all the gneiss 
units throughout the HMGD. In the core of the dome, the folds are commonly rootless, 
disharmonic, similar, intrafolial, and isoclinal with limbs that are typically sheared and drawn out 
in the plane of foliation. The folds in the overlying quartz feldspar biotite gneiss are typically 
axial planar, asymmetric, and isoclinal; however, the limbs of these folds commonly lack the 
sheared out nature that is common in the underlying unit. Within the quartz feldspar biotite 
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gneiss, younger, small, non-intrafolial asymmetric folds are associated with the intrafolial folds. 
Both fold types have co-linear fold axes and down-dip vergence (O’Neill et al., 1988). 
The major structures in conjunction with the observation that all rocks overlying the core 
of the dome preserved down-dip tectonic transport regardless of which side of the dome they 
were on, led O’Neill et al. (1988) to a three-part conclusion of structural history: (1) differential 
vertical rise of a mobile leucocratic core, (2) penetrative metamorphism of the mantling rocks 
and injection into these rocks of quartz monzonite sills and orthogneiss, and (3) extension and 
down-dip shearing of the overlying mylonitic gneiss off of the hinge zone, all of which led to the 
formation of the HMGD. 
 
Foliation 
 Duncan (1976) observed three major types of foliation patterns, which he concluded to be 
parallel to original bedding due to the occurrence of interbeds of marble and quartzite with 
original bedding parallel to the foliation of surrounding metamorphic rocks (Duncan, 1976). The 
three types of foliation patterns (foliation-bedding plane cleavage, axial plane foliation, and 
schistosity of mylonitization) all occurred during the same metamorphic event from shearing 
between beds and drag folding due to variance in composition which results in diverse viscosities 
causing different flow rates between beds (Wynne-Edwards, 1963; Duncan, 1976). 
 
Lineations 
 Duncan (1976) documented five types of lineation in the metamorphic rocks of the 
southern HM. The five types of lineation found by Duncan (1976) are mineral lineation, mullion 
structures, fold axes, slickensides, and boudinage. The mineral lineations and mullion structures 
occur throughout the dome in all lithologies. The mineral lineations are the most common and 
are expressed by different minerals, including quartz rods, parallel alignment of sillimanite, 
streaks of other minerals, and crenulation of biotite, in different lithologies. The mullion 
structures are most commonly found within the quartzofeldspathic gneiss where, in places, they 
are the most common fabric. The lineations from fold axes, slickensides, and boudins of 
amphibolite and quartz-rich zones within the amphibolite are less common. The fold axis 
lineations only occur pervasively in the nose of the anticline and slickensides and boudins do not 
occur pervasively in the southern HM (Duncan, 1976). 
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Fabrics  
Labadie (2006), in association with the Keck consortium, performed a structural analysis 
of the HMGD, finding S-C fabrics, quartz ribbons, and biotite pressure shadows in the rocks at 
Camp Creek. The S-C fabrics, combined with rotated porphyroblasts, demonstrated top-to-the-
northeast shear with normal dextral-oblique movement at an angle to the northwestern margin of 
the HM dome (Labadie, 2006). In O’Neill’s Gulch, the northeast-striking rocks preserve steep 
southeast dipping foliations and a mineral lineation defined by aligned, elongate sillimanite 
grains in a down-dip direction, with top-to-the-southeast kinematic shear sense indicators found 
in asymmetric fabrics (Labadie, 2006). The top-to-the-northeast and top-to-the-southeast shear 
indicators of Camp Creek and O’Neill’s Gulch, respectively, show an overall northeast to 
southwest maximum principal strain axis (Labadie, 2006), which is consistent with the proposed 
maximum principal strain axis of the Big Sky orogen (Harms et al., 2004), but counter to 
interpretations by O’Neill et al. (1988) and Duncan (1976) of a northwest-southeast (308-128) 
direction for σ1. 
 
Field Work 
 Field work was carried out during the summer of 2010. A total of 29 days was spent 
traversing and collecting samples in the southern HM. The topography of this area is rolling hills 
with drainages that have eroded a few meters into the subsurface. The rolling hills are covered 
with Quaternary sediments that have been overgrown by native grasses and prickly pear cactus. 
The Quaternary sediment cover results in poor outcrop exposure and limits sample areas to the 
drainages and a few other locations of outcrop exposure. 
 
Area Descriptions 
Samples for petrographic analysis were collected from eight locations. These locations 
include a gulch informally known as O’Neill’s Gulch (OG), a gravel pit on the north side of 
Rochester Road that will be referred to as the Borrow Pit (BP), Nez Perce Hollow which has 
been divided into four locations (Lower Nez Perce Creek (LNP), Middle Nez Perce Creek 
(MNP), Nez Perce Side Gulley (NPSG), and Nez Perce Hill (NPH)), Rochester Creek (RC), and 
Camp Creek (CC) (Figure 6).  
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O’Neill’s Gulch 
O’Neill’s Gulch is a small, unnamed drainage located on the eastern side of the study 
area, approximately 1.69 km up the county road that is 7.22 km down Rochester road from the 
Twin Bridges rest area. O’Neill’s Gulch (OG) has been mapped as garnet-rich gneiss and schist 
X(A)g and mylonitic biotite gneiss (X(A)m) (O’Neill et al., 1996). In OG, the X(A)g unit is 
comprised primarily of mylonitic paragneiss with interlayered pelitic schist, orthogneiss, 
discontinuous lenses of orthoamphibolite, garnet amphibolite, and minor amounts of marble and 
ultramafic rocks. The paragneiss has a gray, weathered appearance due to distinct light and dark 
compositional banding, and contains Bi + Pl + K-feldspar + Qtz ± Sill ± Grt with leucosome 
consisting of Pl + K-feldspar + Qtz. Garnet, when present, occurs as porphyroblasts that range in 
size from 0.3-2 cm in diameter. The pelitic schist has a black to brown weathered appearance and 
occurs in interlayered bands of 1 cm to 15 m. The schist is comprised of Bi + Pl + K-feldspar + 
Qtz ± Grt ± Sill, with small pods, 1-3 cm long by .5 cm wide, of quartz and plagioclase. The 
orthogneiss has a pink weathered appearance and contains quartz and feldspar with trace 
amounts of biotite (1%). A few garnet paragneiss zones/lenses were observed as a transition zone 
between the orthogneiss and amphibolite. The garnet paragneiss is pinkish orange with high 
concentrations of garnet 3 cm in diameter. The minerals in the garnet paragneiss unit are Grt + Pl 
+ Qtz with small amounts of biotite and amphibole. The amphibolite has a weathered appearance 
of black to rusty red with small white veins and contains the minerals hornblende + plagioclase ± 
garnet. The garnet amphibolite has a black and white zebra appearance with red garnet usually 
occurring in the leucosome. The amphibolite occurs in discontinuous bands ranging in size from 
0.5-10 m with the average being between 1-3 m. The orthoamphibolite lenses contain the 
minerals Grt + Opx + Hbl + Ath + Pl + Qtz. The X(A)m unit in OG is mainly a paragneiss that 
has a weathered gray appearance, but is black when a fresh surface is observed, and has a 
mineral assemblage of Qtz + Pl + K-feldspar + Bi ± Sill ± Grt. However, there are small lenses 
of schist between many of the gneiss layers. The schist has a brown weathered appearance, but is 
black with many white speckles if unweathered. It contains the mineral assemblage Bi + Pl + K-
feldspar + Qtz ± Sill ± Grt. 
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Borrow Pit 
 The Borrow Pit (BP) is located off Rochester road approximately 7.48 km from the Twin 
Bridges rest area entrance/exit. The use of the area as a gravel pit has exposed 1-7 meters of 
metamorphic rocks under the colluvium. The exposed rocks, along with the eastern hillside and a 
small drainage behind the hill, make up the BP. It has been mapped by O’Neill et al. (1996) as 
the same garnet-rich gneiss and schist X(A)g unit as OG which is located 1.3 km north of the BP, 
but due to high spatial variability in rock types and mineral assemblages in a single rock type, 
this area is much different than OG. The gray gneiss in the BP transitions along strike from a 
quartzofeldspathic gneiss with a poorly-defined foliation to a garnet gneiss containing mm-scale 
garnet to a migmatitic gneiss that contains larger cm-scale garnet and mica. A few layers of mica 
schist occur as pockets in the gneiss. The schist is black to brown and contains Bi + Pl + Qtz ± 
Grt ± Sill. A few quartz veins 1-2 cm long by 2-4 mm wide can be observed in the schist. Lenses 
of amphibolite 1 x 12 m, maximum, outcrop sporadically between beds of the gneiss. The 
amphibolite in this area does not contain any garnet as it does in other areas. The uppermost 
outcrop is a garnet paragneiss that is in contact with an amphibolite on the west and paragneiss 
on the east. 
 
Nez Perce Creek 
 Three sample locations, Middle Nez Perce Creek (MNP), Nez Perce side gully (NPSG), 
and Lower Nez Perce Creek (LNP), are located in Nez Perce Creek. MNP and LNP are separated 
by the Melrose–Twin Bridges County Road, approximately 12.7 km west of the Twin Bridges 
rest area entrance/exit, with MNP located on the north side of the road and LNP to the south. 
NPSG is an unnamed tributary to Nez Perce Creek, which runs north south from the MNP 
location to Nez Perce Hill (NPH). NPH is located just north of MNP up the NPSG tributary and 
is separated from it by a county road. The garnetiferous gneiss and schist (X(A)g) have been 
mapped in all areas and mylonitic biotite gneiss (X(A)m) is mapped in MNP and parts of LNP 
and NPSG (O’Neill et al., 1996). X(A)qf, a quartz-feldspar-biotite gneiss unit, was also mapped 
in LNP and NPH (O’Neill et al., 1996). X(A)qf predominantly consists of a quartzofeldspathic 
gneiss that is gray to tan with platy foliation, though it does contain sills of granite and seams of 
finely layered mylonitic leucogneiss (O’Neill et al., 1996). 
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Middle Nez Perce Creek (MNP) 
 The majority of MNP consists of garnet amphibolite dikes with a few migmatitic garnet 
gneiss and schist lenses. The largest leucosome pod found in the entire field area (0.63 x 2.53 m) 
is located at the north end of the sample area within a large outcrop of biotite schist. This 
leucosome pod is much larger than others found throughout the field area, which average 1 to 2 
cm wide by 0.5 to 1 m long. 
 
Lower Nez Perce Creek (LNP) 
 The rock types that occur in LNP are garnet gneiss, amphibolite, garnet amphibolite, 
orthoamphibolite, biotite schist, and rare marble, with the majority of the area being small 
outcrops of paragneiss and amphibolite. Most of the gneiss contains Grt + Bi + Pl + Qtz but 
gneiss with sillimanite was also found in the LNP. The orthoamphibolite contains Grt + Opx + 
Bi + Hbl + Ath + Pl + Qtz. Folds in LNP generally trend to the south with a gentle dipping 
plunge (15-20°). The limbs of the folds are normally steeper dipping towards the west (20-50°) 
and lesser dipping to the east (5-10°). 
 
Nez Perce Hill (NPH) 
 Nez Perce Hill contains gneiss, amphibolite, garnet paragneiss, and granite dikes. The 
majority of NPH is amphibolite or garnet paragneiss. In all places where the garnet paragneiss is 
observed it is in contact with amphibole gneiss which transitions into an amphibolite. There are a 
few beds of a gray to pinkish poorly foliated gneiss that are in contact with the garnet paragneiss 
on both sides. The poor foliation in the gneiss is due to a lack of mica or amphibole. Many 
granitic dikes can be observed crosscutting all rock types. 
 
Rochester Creek (RC) 
 The Rochester Creek locality is located approximately 5.5 km down the east-trending 
road from the historic mining town of Rochester. This area has been mapped as mylonitic biotite 
gneiss (X(A)m) by O’Neill et al., (1996). In this area, the rocks are coarse-grained sillimanite 
garnet biotite gneiss. The rocks have a weathered appearance of gray with brown staining due to 
the lichen growth and leucocratic zones consisting of quartz and feldspar. The area is part of the 
map scale synform that caps the HMGD. 
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Camp Creek 
 This area is the northern edge of the field area where the Camp Creek fault brings the 
HMGD into contact with metasedimentary rocks of the Belt Supergroup (O’Neill et al., 1988). 
This area has been mapped as garnet-biotite gneiss X(A)gb, a mylonitic orthogneiss, and granite 
sills (Xi). Only paragneiss containing the mineral assemblage Grt + Sill + Bi + Pl + Ksp + Qtz 
was collected from this area. These rocks are coarse-grained, have well-defined foliation due to 
large amounts (20-40%) of biotite, and a black and white appearance in hand sample.  
 
Goals 
This study focuses on the metamorphic petrology of pelitic and mafic rocks that flank the 
migmatized quartzofeldspathic core of the dome. In order to determine P-T paths of the 
metamorphic rocks, integrated field and laboratory analysis was conducted, including sample 
collection, petrographic analysis, mineral chemistry, and phase equilibria modeling. Due to the 
close proximity of the southern HM to the metamorphic rocks of similar grade found in the 
TRM, RR, and the northern part of the GR, an evaluation of P-T paths was conducted in order to 
determine whether a similar metamorphic history from a single orogenic event is shared between 
the southern HM and the other mountain ranges in the vicinity. 
 
METHODS 
Field Work 
Sixty-nine rock samples were collected from the southern HM during the summer of 
2010. While collecting samples, emphasis was placed on rocks containing garnet and 
aluminosilicate as these minerals are sensitive monitors of P-T conditions (Spear, 1993). Fresh 
hand samples were preferentially chosen for the best representation of the mineral assemblages 
of each rock type. At all sample sites, at least one sample of each rock type present was 
collected, the strike and dip of foliation was recorded, and the location of the sample determined 
using a Garmin 60 CSx GPS. 
 
Sample Preparation 
Forty-seven of the 69 samples collected were metapelitic rocks containing quartz + 
plagioclase + biotite ± microcline ± garnet ± aluminosilicate ± muscovite. The other fourteen 
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samples collected include twelve garnet-bearing amphibolite and two orthoamphibolite rocks. A 
total of 34 thin sections were made from representative billets cut from the core of the samples to 
ensure a fresh surface. Seventeen of the thin sections were polished for electron microprobe 
analysis.  
 
Bulk-rock Geochemistry 
Ten of the polished samples representing the range of lithologies in the study area were 
powdered in preparation for whole rock geochemical analysis (Table 3). In preparing the rock 
samples for analysis, unweathered representative slabs were cut for each rock. The slabs were 
polished using silicon carbide polishing grit to remove any blade marks from the rock saw. The 
slabs were then washed in an ultrasonic water bath and broken into chips by wrapping each 
sample in plastic and pulverizing it with a rock hammer. Rock chips were powdered using a 
tungsten carbide container with a shatterbox, which was cleaned with pure quartz sand before 
each sample to ensure no contamination between samples. Samples were then analyzed by 
Actlabs, using the ICP for major elements. Actlabs “prepares and analyzes the samples in a batch 
system. Each batch contains a method reagent blank, certified reference material and 17% 
replicates. Samples are mixed with a flux of lithium metaborate and lithium tetraborate and fused 
in an induction furnace. The molten melt is immediately poured into a solution of 5% nitric acid 
containing an internal standard, and mixed continuously until completely dissolved (~30 
minutes). The samples are run on a combination simultaneous/sequential Thermo Jarrell-Ash 
ENVIRO II ICP or a Varian Vista 735 ICP. Calibration is performed using seven prepared USGS 
and CANMET certified reference materials. One of the seven standards is used during the 
analysis for every group of ten samples” (Activation Laboratories Ltd., 2011).  
 
Mineral Chemistry 
Four metapelitic samples (BP-03, RC-01, OG-03, 2OG-12) and two mafic samples (OG-
02, 2LNP-ORTHO) (Figure 6) were selected for microprobe analysis at the GeoAnalytical Lab at 
Washington State University, Pullman, on a JEOL 8500f field emission electron microprobe 
(EMP) (http://www.sees.wsu.edu/Geolab/equipment/probe.html). X-ray elemental maps of Al, 
Ca, Fe, Mg, and Mn were collected for garnet using a 5 µm diameter beam, a beam current of 
100 nA, and an accelerating voltage of 15.0 kV. The mineral compositions were then determined 
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quantitatively using a beam current of 30 nA. A beam diameter of 1 µm was used for garnet, 3 
µm for feldspar, and 5 µm for amphibole and biotite. Oxide totals for anhydrous minerals were 
not used if they did not fall in the window of 99-101%. Mica and amphibole oxide totals of 96-
100% were considered acceptable. 
Table 3. Table of whole rock geochemical and pseudosection compositions of the 6 
samples reported here are those used in making pseudosections. Whole rock data is as 
reported from Activation Laboratories Ltd., (2011). Pseudosection compositions are in 
normalized mol % cations. 
                                Sample Number 
    OG-03 2OG-12 BP-03 RC-01 2LNP-Ortho OG-02 
w
h
o
le
 r
o
ck
  
g
eo
ch
em
ic
al
 a
n
al
y
se
s 
SiO2 69.82 67.01 78.73 47.94 55.50 56.30 
Al2O3 10.33 14.60 10.26 26.26 14.65 14.03 
FeO 8.71 6.06 6.04 9.39 12.07 12.24 
MnO 0.10 0.07 0.07 0.14 7.04 0.21 
MgO 1.79 2.24 1.14 3.43 7.04 5.40 
CaO 0.55 1.14 0.30 0.91 2.64 6.99 
Na2O 0.94 1.98 0.31 1.48 3.37 1.60 
K2O 3.69 3.27 2.00 6.31 0.36 0.25 
TiO2 0.85 0.80 0.57 0.84 1.71 1.35 
  
       
C
o
m
p
o
si
ti
o
n
 u
se
d
 i
n
 T
h
er
ia
k
/D
o
m
in
o
 
fo
r 
co
n
st
ru
ct
io
n
 o
f 
p
se
u
d
o
se
ct
io
n
s 
Si 61.40* 70.11* 61.40* 40.43* 46.73 51.17 
Al 10.71 18.00 10.71 26.10 14.54 15.03 
Fe2+ 6.09 5.31 6.09 5.08 8.19 8.96 
Mg 2.35 3.49 2.35 4.31 8.84 7.32 
Ca 0.52 1.28 0.52 0.82 2.38 6.81 
Na 1.60 4.02 1.60 2.42 5.50 2.82 
K 4.14 4.36 4.14 6.79 0.39 0.29 
Ti 0.56 0.63 0.56 0.54 1.08 0.93 
H 10.00 11.86 10.00 19.00 5.00 5.50 
Fe3+ 0.17 0.12 0.17 0.20 1.40 2.20 
* All pelite samples had additional silica added to the reported numbers to saturate the bulk 
composition in quartz. 
 
Phase Equilibria Modeling 
Pseudosections are composition-based phase diagrams that depict the equilibrium 
stability fields of mineral assemblages in P-T space (isochemical phase diagrams for a specific 
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bulk rock composition). The sensitivity of minerals in both metapelitic and mafic rocks to 
changes in pressure and temperature make them especially well-suited for pseudosection 
analysis, since small changes in P-T show distinct changes in equilibrium mineral assemblages. 
This enables interpretation of the complete P-T evolution of the sample. Pseudosections were 
constructed using the program Theriak/Domino (de Capitani and Petrakakis, 2010) with the 
internally consistent thermodynamic database of Holland and Powell (1998). The activity–
composition models used to calculate the pseudosections are White et al. (2007) for garnet, 
biotite, and melt; White et al. (2002) for ilmenite and magnetite-spinel; Mahar et al. (1997); 
Holland and Powell (1998) for chlorite; Holland and Powell (1998) for epidote, cordierite, and 
staurolite; Holland and Powell (2003) for feldspar; Coggon and Holland (2002) for white mica; 
Green et al. (2007) for clinopyroxene; White et al. (2002) for orthopyroxene; and Diener & 
Powell (2012) for clinoamphibole, orthoamphibole, and clinopyroxene. Bulk rock compositions 
of the six representative samples (Table 3) were input in the program Domino, which is part of 
the suite of programs in Theriak/Domino (de Capitani and Petrakakis, 2010). Domino, among 
other things, calculates pseudosections in different elemental systems. For this study, the system 
NCKFMASHTO (Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2-Fe2O3) was used (White et 
al., 2007). The addition of O to the system allows for Fe2O3 to be considered in minerals that 
incorporate ferric iron. Using the database of Holland and Powell (1998) with updates, Fe
3+
 is 
added by defining O in the system NCKFMASHTO. Since Fe2O3 cannot be determined directly 
by the methods that were used to measure bulk rock compositions, the methods of White et al. 
(2007), in which a small amount of Fe
3+
 is added to the bulk composition to simulate the oxide 
assemblages observed was used. In pelite samples, the H2O was calculated by adding or 
subtracting H until the solidus and H2O out line were as close together as possible without 
causing the H2O out line to be at lower temperatures than the solidus. H compositions were 
adjusted to the hundredth of a mole in pelite samples. To determine the amount of H2O in the 
mafic samples, T-XH2O diagrams were constructed. The stable mineral assemblage field was 
located on the T-XH2O diagram (Figure 7). The minimum amount of H2O to form the stable 
mineral assemblage was chosen for input into the bulk rock composition. The amount of H2O 
was refined by using the presence of Opx and confining it to lower pressures at lower 
temperatures. 
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Figure 7. 2LNP-Ortho T-XH2O diagram. Equilibrium assemblage field enclosed in thicker line 
is area of stable mineral assemblage in rock sample. Red line indicates minimum amount of 
H2O to form stable mineral assemblage. 
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Theriak/Domino Program Description 
The Theriak/Domino software package consists of 10 programs that are used to calculate 
and plot thermodynamic properties (de Capitani and Petrakakis, 2010). Theriak is used to 
“calculate the equilibrium mineral assemblage and phase compositions for a given bulk-rock 
composition at specified pressure and temperature or along a P-T path” (de Capitani and 
Petrakakis, 2010). The equilibrium assemblage is calculated by using the principles of Gibbs free 
energy minimization in a linear program in combination with minimization of single 
thermodynamic solution function (de Capitani and Petrakakis, 2010). This gives the program the 
ability to calculate the correct assemblage even for extremely complex, non-ideal systems. 
Domino uses Theriak to calculate the reactions over a P-T grid and prepares the reactions for 
graphical representation through bookkeeping in the program. The data from Domino is then 
stored in a data file that can be made into a plot using the programs Guzzler and Explot 
respectively (Figure 8) (de Capitani and Petrakakis, 2010). 
 
RESULTS 
Petrography and Mineral Chemistry 
Metapelites 
Garnet, biotite, and feldspar were analyzed for major element chemistry in all four 
metapelite samples using the JEOL 8500f field emission electron microprobe at Washington 
State University, Pullman. All garnet is almandine-rich with average compositions ranging from 
X
   
   
= 0.66 to 0.84 in the core, and X
   
   
= 0.75 to 0.86 in the rim, where X
   
   
= [Fe
2+
 / (Fe
2+
 
+Mg + Mn +Ca)] (Table 4) (Figure 9). Biotite (calculated on an 11 oxygen basis) shows little to 
no variation in Fe/Mg composition, whether the grains are in the matrix or in contact with garnet 
(Table 5). 
 
 
Figure 8. Flow chart of the steps necessary to create a pseudosection in Theriak/Domino. The large rectangles 
are programs and the smaller rectangles represent files. The PS file is the pseudosection. The pseudosection is 
saved by explot as a PostScript file, which can be opened with any PostScript viewer or Adobe Illustrator. 
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Table 5. Representative biotite compositions from electron microprobe analysis. 
   
Sample 
2LNP-
Ortho 2LNP-Ortho OG-03 OG-03 2OG-12 
2OG-
12 BP-03 BP-03 RC-01 RC-01 
OG-
02* 
Type 
Near 
Garnet 
Garnet 
Inclusion 
Near 
Garnet Matrix 
Near 
Garnet Matrix 
Near 
Garnet Matrix 
Near 
Garnet Matrix Matrix 
SiO2 41.36 42.81 33.49 32.60 34.59 34.03 34.81 34.63 38.47 34.99 28.12 
TiO2 0.22 0.28 10.62 18.31 6.74 7.84 4.33 5.68 5.42 5.00 0.15 
Al2O3 16.47 16.26 19.15 0.09 20.30 18.99 19.62 19.05 16.02 19.74 18.91 
FeO 9.25 6.82 23.93 6.27 19.06 20.23 22.30 22.97 5.50 19.11 23.68 
MnO 0.01 0.06 0.02 0.02 0.08 0.07 0.01 0.03 bd 0.05 0.03 
MgO 14.38 16.33 6.24 23.01 8.94 8.69 7.77 6.91 20.32 9.82 17.06 
CaO 11.97 11.97 0.00 0.01 bd bd bd 0.02 0.02 bd 0.10 
Na2O 2.45 2.60 0.07 9.50 0.18 0.16 0.09 0.09 0.14 0.08 0.02 
K2O 1.32 1.31 9.87 12.13 9.84 9.72 10.07 9.87 9.96 9.89 0.31 
Total 97.43 98.43 103.40 101.94 99.73 99.72 99.00 99.24 95.91 98.67 88.39 
            Si 2.703 2.787 2.41 2.42 2.520 2.500 2.595 2.584 5.466 2.575 2.283 
Ti 0.161 0.087 0.59 0.58 0.370 0.433 0.243 0.319 0.579 0.277 0.009 
Al 1.558 1.498 1.66 1.63 1.743 1.644 1.723 1.675 2.682 1.712 1.809 
Fe 0.834 1.003 1.37 1.44 1.161 1.243 1.390 1.433 0.653 1.176 1.608 
Mn 0.000 0.000 0.00 0.00 0.005 0.004 0.000 0.002 0.000 0.003 0.002 
Mg 1.648 1.541 0.70 0.67 0.971 0.952 0.863 0.768 4.304 1.078 2.065 
Ca 0.002 0.001 0.00 0.00 0.000 0.000 0.000 0.001 0.003 0.000 0.009 
Na 0.017 0.007 0.00 0.01 0.013 0.012 0.007 0.007 0.040 0.006 0.002 
K 0.867 0.907 0.87 0.91 0.915 0.911 0.957 0.939 1.805 0.929 0.032 
            XMg 0.66 0.61 0.66 0.67 0.46 0.43 0.38 0.35 0.48 0.48 0.56 
Normalized to 11 oxygens. bd, below detection. XMg = Mg/(Mg+Fe
2+). 
     * Due to alteration of biotite oxide totals are below acceptable amounts. 
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Table 6. Representative plagioclase compositions from electron microprobe analysis. 
 
Sample 
2LNP-
Ortho 
2LNP-
Ortho 
2LNP-
Ortho 
2OG-
12 
2OG-
12 BP-03 BP-03 
RC-01 
grt1 
RC-01 
grt2 OG-02 
OG-
02 OG-02 
Type 
Near 
Garnet Matrix 
Garnet 
Inclusion 
Near 
Garnet Matrix 
Near 
Garnet Matrix Matrix Matrix 
Near 
Garnet Matrix 
Garnet 
Inclusion 
SiO2 61.96 62.03 61.53 61.76 62.13 62.79 62.48 61.18 60.69 59.48 57.52 57.65 
Al2O3 24.54 24.10 23.98 24.15 23.73 23.90 23.67 24.22 24.20 26.12 27.01 26.88 
FeO bd 0.02 0.30 0.00 0.20 0.06 0.03 0.06 0.13 0.02 0.02 0.14 
MgO bd bd bd bd 0.01 bd bd bd 0.01 bd bd bd 
CaO 5.59 5.36 5.92 5.32 5.04 4.84 5.12 5.65 5.71 7.59 9.05 8.61 
Na2O 9.16 9.23 8.74 8.78 8.92 9.11 9.45 8.95 8.69 7.63 6.75 6.68 
K2O 0.04 0.05 0.08 0.16 0.16 0.15 0.10 0.14 0.17 0.06 0.04 0.05 
Total 101.28 100.79 100.56 100.17 100.18 100.84 100.85 100.18 99.60 100.89 100.39 100.02 
             Si 4.081 4.103 4.089 4.105 4.130 4.140 4.130 4.078 4.070 3.949 3.854 3.871 
Al 1.905 1.879 1.879 1.893 1.859 1.857 1.844 1.903 1.913 2.044 2.134 2.128 
Fe2+ 0.000 0.001 0.017 0.000 0.011 0.004 0.001 0.003 0.007 0.001 0.001 0.008 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ca 0.394 0.380 0.421 0.379 0.359 0.342 0.363 0.403 0.411 0.540 0.650 0.619 
Na 1.170 1.184 1.126 1.132 1.149 1.164 1.211 1.156 1.130 0.983 0.877 0.870 
K 0.003 0.004 0.007 0.014 0.013 0.012 0.009 0.012 0.014 0.005 0.004 0.005 
             XAn 0.25 0.24 0.27 0.25 0.24 0.23 0.23 0.26 0.26 0.35 0.42 0.41 
Normalized to 8 oxygens. bd, below detection limit. 
         
Table 7. Representative K-feldspar compositions from electron microprobe analysis. 
Sample 2OG-12 BP-03 BP-03 RC-01 grt1 RC-01 grt2 
Type Matrix Near Garnet Matrix Matrix Near Garnet 
SiO2 63.72 64.42 64.61 63.96 62.83 
Al2O3 19.23 18.87 19.10 18.90 18.95 
FeO 0.00 0.02 0.00 0.01 0.10 
MgO bd bd bd bd bd 
CaO 0.06 0.01 0.03 0.02 0.00 
Na2O 0.82 0.80 0.85 1.14 0.94 
K2O 15.54 15.75 15.86 15.26 15.41 
Total 99.37 99.87 100.45 99.28 98.22 
      
Si 4.440 4.467 4.457 4.457 4.435 
Al 1.579 1.542 1.553 1.553 1.577 
Fe2+ 0.000 0.001 0.000 0.000 0.006 
Mg 0.000 0.000 0.000 0.000 0.000 
Ca 0.005 0.001 0.003 0.001 0.000 
Na 0.111 0.107 0.114 0.154 0.128 
K 1.382 1.394 1.396 1.356 1.387 
      
Xor 0.92 0.93 0.92 0.90 0.92 
Normalized to 8 oxygens. bd, below detection limit. 
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Table 8. Representative amphibole compositions from electron microprobe analysis. 
Sample 2LNP-Ortho 2LNP-Ortho OG-02 grt 1 OG-02 grt 1 OG-02 grt2 OG-02 grt2 
Type Near Garnet Matrix Near Garnet Matrix Near Garnet Matrix 
SiO2 50.68 49.77 45.60 44.33 45.88 44.69 
TiO2 0.54 0.45 0.96 1.45 1.73 1.79 
Al2O3 8.10 8.65 12.02 13.31 11.93 13.09 
FeO 20.32 20.52 16.20 15.43 15.16 15.73 
MnO 0.20 0.21 0.04 0.07 0.07 0.05 
MgO 18.41 18.09 10.95 11.09 11.72 11.60 
CaO 0.28 0.26 11.42 11.30 11.23 10.71 
Na2O 0.72 0.72 0.79 1.06 0.92 0.94 
K2O 0.00 0.02 0.42 0.49 0.47 0.48 
Total 99.25 98.67 98.39 98.54 99.12 99.07 
       Si 7.191 7.119 6.677 6.482 6.642 6.489 
Ti 0.058 0.048 0.106 0.159 0.189 0.196 
Al 1.355 1.459 2.075 2.294 2.035 2.240 
Fe 2.412 2.454 1.985 1.887 1.835 1.910 
Mn 0.024 0.025 0.004 0.008 0.008 0.006 
Mg 3.894 3.857 2.390 2.417 2.528 2.511 
Ca 0.043 0.040 1.791 1.769 1.742 1.667 
Na 0.197 0.199 0.223 0.301 0.259 0.265 
K 0.000 0.003 0.078 0.092 0.087 0.088 
       XMg 0.62 0.61 0.55 0.56 0.58 0.57 
Si in formula 7.19 7.12 6.68 6.48 6.64 6.49 
Classification anthophyllite anthophyllite 
magnesio-
hornblende 
magnesio-
hornblende 
magnesio-
hornblende 
magnesio-
hornblende 
Normalized to 23 oxygens. bd, below detection. N/A not applicable. 
  Amphibole classification according to Leake (1973).  
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Xenoblastic matrix grains of plagioclase 
(Table 6) and K-feldspar (Table 7) were 
analyzed and recalculated based on eight 
oxygens to determine end member 
percentages where X
  
  
= [Ca/(Ca + Na + 
K)] and X
   
  
= [K/(Ca + Na + K)]. 
Plagioclase anorthite content varies as 
much as 0.07 between individual grains, 
but no observable intragrain zoning was 
observed.  
 
OG-03 
 OG-03 is a garnet-sillimanite-K-
feldspar paragneiss located in the mylonitic biotite gneiss unit (X(A)m) within O’Neill’s Gulch. 
The gneiss is gray with white leucosome pods that are as large as 10 x 2.5 cm, though they are 
typically on the mm-scale. When a fresh surface is exposed it is black and white, and well-
foliated. In hand sample, thin seams of sillimanite can be observed with a hand lens. The gneiss 
is in contact with a garnet-sillimanite-biotite schist upslope (west) and dips below the surface 
downslope (east). The equilibrium mineral assemblage determined from petrographic analysis is 
Grt + Sill + Bi + Pl + Ksp + Ilm + Qtz.  
Garnet in OG-03 is unzoned (Figure 10). Almandine profiles vary by 2 mol% in both 
Garnet 1 and Garnet 2 with rim compositions of X
     
   
= 0.86, X
     
   
= 0.84 and core 
compositions of X
     
   
= 0.81, X
     
   
= 0.83 (Figure11A). The spessartine component showed 
no signs of zoning with all points in Garnet 2 having a composition of about X
   
   
= 0.03 and 
only 1 mol% change in Garnet 1 with a rim composition X
   
   
= 0.03 and core composition of 
X
   
   
= 0.02 (Figure 11B). Garnet 1 pyrope and grossular component become slightly enriched in 
the core with core  
Figure 9. Ternary diagram comparing representative 
garnet compositions. 
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values of X
   
   
= 0.11, X
   
   
= 0.06 and rim compositions of X
   
   
= 0.08, X
   
   
= 0.03. Garnet 2 
displays the same trends in pyrope and grossular, but with a lesser percent of change (Figure 12). 
Garnet 2 has rim compositions of X
   
   
= 0.10, X
   
   
= 0.03 and core compositions of X
   
   
= 
0.11, X
   
   
= 0.04 (Figure 11E). 
Figure 10. X-ray map of garnet 1 from OG-03 (sillimanite-garnet gneiss). Each map is 400 x 400 pixels with 
beam properties of 15.0 kV, 99.82 nA, a beam diameter of 5 um, and dwell time of 50 ms. 
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Figure 11. A. OG-03 garnet 1 line scan. Graph of change in mol percent in composition 
along a traverse from rim to core. B. OG-03 garnet 2 line scan from rim to core. C. 2OG-
12 line scan from rim to rim. D. BP-03 line scan from rim to rim. E. RC-01 garnet 1 line 
scan from rim to rim. F. RC-01garnet 2 line scan from rim to rim. 
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The core of the subhedral garnet also has inclusions of quartz, biotite, and ilmenite but no 
inclusions were observed in the rim (Figure 13).  
Leucosome in OG-03 comprises approximately 5% of the sample. Leucosome selvages 
observed under a petrographic microscope are elongate parallel to foliation with an aspect ratio 
of 2:1. The K-feldspar within the leucosome has highly sutured boundaries. Leucosome is 
commonly rimmed by mafic selvages of biotite and sillimanite. This rimming frequently 
separates the different pods of leucosome from each other. Garnet occurs within the leucosome 
pods.  
EMP analyses of feldspar were performed on K-feldspar from leucosome, matrix 
plagioclase, and inclusion in garnet. Orthoclase content of matrix K-feldspar ranges from X
   
  
= 
0.87-0.95. Plagioclase from the matrix ranges from X
  
  
= 0.20-0.22 and X
  
  
= 26-0.33 as 
inclusions in garnet. 
Figure 11 continued. G. 2LNP-Ortho line scan from rim to core. H. OG-02 garnet 1 line scan from rim to rim. 
I. OG-02 garnet 2 line scan from rim to rim. 
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The foliation in the sample is defined by biotite, prismatic sillimanite, and minor amounts 
of fibrolitic sillimanite. The biotite does not vary in composition and has an average composition 
of X
   
  
= 0.33.  
The oxides in the slide were analyzed using the EMP. All of the oxides were determined 
to be ilmenite. The ilmenite occurs both as inclusions in the garnet and in the matrix.  
Figure 12. X-ray map of garnet 2 from OG-03 (garnet-sillimanite-biotite gneiss). Each map is 350 x 
350 pixels with beam properties of 15.0 kV, 100.4 NA, a beam diameter of 5 um, and a dwell time of 
50 ms. 
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2OG-12 
 2OG-12 is from the mylonitic biotite gneiss unit (X(A)m). The sample location is 1.1 km 
east of the road that goes through O’Neill’s Gulch and is the farthest east point sampled in 
O’Neill’s Gulch. It is a garnet-kyanite-sillimanite-K-feldspar paragneiss with a gray weathered 
appearance and a black and white appearance on a fresh surface. 2OG-12 has a stable mineral 
assemblage of Grt + Sill + Bi + Pl + Ksp + Ilm + Qtz, however, sillimanite pseudomorphs after 
kyanite and a few relict kyanite grains indicate that the peak mineral assemblage was Grt + Ky + 
Bi + Ksp + Pl + Ilm + Qtz.  
The garnet is anhedral with very few inclusions, but when present the inclusions are 
quartz (Figure 14). The garnet is almandine-rich with a flat zoning profile of all end member 
components. Almandine has a maximum concentration of X
   
   
= 0.78 and a minimum of 
X
   
   
= 0.75 (Figure 11C). The zoning profile in the pyrope is a gradual increase from the rim 
composition of X
   
   
= 0.11 to X
   
   
= 0.17 at the core. Grossular has a rim composition of 
X
   
   
= 0.04 with a maximum of X
   
   
= 0.08 at the core. The spessartine component is highest at 
the rim with a composition of X
   
   
= 0.07, and a core composition of X
   
   
= 0.03.  
 
 
Figure 13. OG-03 photomicrographs of A): Garnet with inclusions of quartz surrounded by a mat of microcline. 
The inclusions are mostly limited to the center of the garnet. B): Sillimanite and fibrolitic sillimanite surrounded 
by quartz which displays sutured boundaries. C): Garnet with biotite pressure shadows. The biotite that is not in 
the pressure shadows defines the orientation of foliation. Minor amounts of fibrolite and sillimanite veins can 
also be observed defining the foliation. 
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Figure 14. X-ray map of the garnet from 2OG-12 (garnet-kyanite-sillimanite-biotite garnet gneiss). Each map is 
600 x 700 pixels with beam properties of 15 kV, 30.13 nA, a beam diameter of 30 um, and dwell time of 30 ms. 
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The majority of aluminosilicate in this sample is fibrolitic sillimanite with lesser amounts 
of tabular sillimanite, but a few grains of relict kyanite were observed. The tabular sillimanite (4 
x 5 mm), blocky sillimanite (0.1 x 0.1 mm), and fibrolitic sillimanite are observed in contact with 
the garnet, both rimming and as mats, and intergrown with the biotite in the same orientation as 
the foliation. The relict kyanite grains are small (0.7 x 0.4 mm maximum) and typically 
surrounded by quartz. Kyanite grains are resorbed and rimmed by sillimanite where they are not 
surrounded by quartz. The sample also contains many sillimanite and fibrolitic sillimanite 
Figure 15. 2OG-12 photomicrographs of A): Kyanite displaying partially resorbed texture. B): 
Larger quartz ribbon oriented in the direction of foliation. Foliation displayed by the tabular 
biotite and smaller quartz with sutured boundaries. C): Biotite, sillimanite, and fibrolitic 
sillimanite near a garnet; biotite can also be observed going directly into the side of the garnet. 
D): Fibrolitic sillimanite pseudomorphs of kyanite. 
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pseudomorphs after kyanite, which preserve the cleavage of the original kyanite. The sillimanite 
pseudomorphs, sillimanite rims on matrix kyanite, and resorbed kyanite all indicate that the 
kyanite is not in equilibrium with the peak mineral assemblage in the rock and predates the 
formation of the sillimanite (Figure 15).  
Leucosome comprises 7% of this sample and typically occurs as oval pods with the long 
axis aligned with the direction of foliation. The pods are commonly surrounded by biotite. K-
feldspar in leucosome and plagioclase were analyzed. The K-feldspar is X
   
  
= 0.79-0.97 and 
plagioclase is X
  
  
= 0.23-0.26.  
The foliation is defined by biotite, which has little variation in composition. The 
maximum variation is 2% from the highest XMg to the lowest XMg. The average composition of 
biotite is XMg = 0.45 when in contact with garnet and XMg = 0.44 for the matrix biotite.  
EMP analysis of the oxides in the slide indicate that they are all ilmenite. The occurrence 
of ilmenite is limited to the matrix.  
 
BP-03 
 BP-03 is a garnet-sillimanite mica schist located approximately 5 meters up the hillside 
of the Borrow Pit in the garnetiferous gneiss unit (X(A)g). The schist occurs as small lenses 20 x 
10 cm maximum. The schist lenses vary from a composition of approximately 95% biotite with 
scarce garnet, plagioclase, and quartz to a mica schist that has ~30% biotite and has gneissic 
banding due to the segregation of the biotite from the lighter colored minerals like quartz and 
plagioclase. BP-03 has an equilibrium mineral assemblage of Grt + Sill + Bi + Pl + Ksp + Ilm + 
Qtz.  
The garnet in the sample is small (1-4 cm) and many are disarticulated or contain trace 
amounts of biotite and larger amounts of quartz as inclusions. Garnet has a relatively flat 
compositional profile with a small degree of zoning in almandine, pyrope, and grossular. The rim 
of the garnet is slightly enriched in almandine and depleted in both pyrope and grossular (Figure 
16). All three show a change in composition of about 2 mol% with rim compositions of X
   
   
= 
0.83, X
   
   
= 0.10, and X
   
   
= 0.04, and core compositions of X
   
   
= 0.81, X
   
   
= 0.12, and 
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X
   
   
= 0.06 (Figure 11D). Spessartine shows no variation in rim to core composition with both 
having a composition of X
   
   
= 0.02.  
 
 
Figure 16. X-ray map of a garnet from BP-03 (garnet-sillimanite-biotite gneiss). Each map is 600 x 600 pixels 
with beam properties of 15 kV, 30.13 nA, a beam diameter of 30 um, and a dwell time of 30 ms. 
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Sillimanite always occurs in close proximity to biotite and can commonly be found 
rimming the anhedral garnets (Figure 17).  
This sample contains approximately 4% leucosome. The melt pockets are mainly K-
feldspar with some small grains of quartz and biotite. When quartz or biotite is incorporated in 
the melt pockets the edges of the quartz and biotite are rounded. 
Feldspar does not vary much in composition. Plagioclase has an anorthite range of X
  
  
= 
0.18-0.23 and K-feldspar has an orthoclase range of X
   
  
= 0.84-0.97.  
Biotite phlogopite content ranges from X
   
  
= 0.33-0.40. The higher values typically 
correspond to biotite in contact with garnet.  
The oxides in this sample were exclusively in the matrix. When the oxides were tested 
with the EMP they were determined to be ilmenite. 
RC-01 
RC-01 was collected in Rochester Creek from the garnet-biotite gneiss unit (X(A)gb). A 
fresh sample has a gray appearance with white leucosome as large as 17 cm x 3 cm. RC-01 is 
fine-grained with an equilibrium mineral assemblage of Grt + Sill + Bi + Pl + Ksp + Ilm + Qtz. 
There is also large variation in grain size going from fine-grained to coarse-grained over a few 
meters.  
Garnet in RC-01 has a 10 mol% change in X
   
   
 from core to rim, however this large 
variation is the result of retrograde re-equilibration. Two garnets from RC-01 were analyzed, 
Figure 17. BP-03 photomicrographs of A): Biotite and sillimanite rimming a garnet. B): Slide of biotite, quartz 
with sutured boundaries, and gahnite. C): Disarticulated garnet with inclusions of quartz and biotite. 
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both of which have similar compositions and zoning (Figure 18 and 19). The almandine zoning 
profile has the highest composition at the rim and rapidly decreases to the core composition 
where it is relatively flat (Figure 11E). Garnet 1 has end member core compositions of X
   
   
= 
0.68, X
   
   
= 0.04, X
   
   
= 0.25, X
   
   
= 0.03, and rim compositions of X
   
   
= 0.79, X
   
   
= 
0.03, X
   
   
= 0.10, X
   
   
= 0.08. Garnet 2 shows the largest degree of zoning with composition 
changes being zero to 4 mol% higher than the changes in Garnet 1. Pyrope shows an inverse 
relationship to the almandine with a depleted rim near X
    
   
= 0.12 for Garnet 2, which 
increases to X
    
   
= 0.25 in the core (Figure 11F). Spessartine also records an enriched rim with 
a 5% increase from core to rim in both. Garnet 1 has a rim composition of X
   
   
= 0.08 and a 
core composition of X
   
   
= 0.03 with Garnet 2 having 1 mol% less in both locations. Little to no 
zoning is recorded in the grossular component with rim compositions X
   
   
= 0.03 for both and a 
1 mol% increase in the core of Garnet 1 with no increase in the core of Garnet 2. Both garnets 
have a thin rim of plagioclase that can be seen on the Ca X-ray maps as a bright rim. This rim is 
a retrograde reaction that formed when the garnet became destabilized. The formation of these 
rims signal high temperature isothermal decompression (Barker, 1990; Stowell & Stein, 2005). 
Along with the plagioclase rims sillimanite, biotite, and lesser amounts of secondary muscovite 
also rim many of the garnets. 
This sample has much more sillimanite than any other sample. The majority of the 
sillimanite is tabular, but there is also abundant, coarse, blocky sillimanite (usually in prisms) 
with sides approximately 1 mm in length. When the sillimanite is more tabular, the long 
direction of the grain is in the direction of foliation. 
This sample contains the greatest amount of melt (~15%). The pockets of melt in this 
sample are made up of approximately 95% K-feldspar with some biotite and sillimanite. In the 
places where the biotite is in contact with the leucosome the biotite has rounded edges. 
K-feldspar in the sample has a compositional range of X
   
  
= 0.88-0.92, which includes 
leucosome K-feldspar, K-feldspar in contact with garnet, and a K-feldspar with a plagioclase 
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inclusion. Plagioclase ranges from X
  
  
= 0.26-0.27, which includes matrix plagioclase and one 
plagioclase inclusions in K-feldspar. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. X-ray map of garnet 1 from RC-01 (garnet-sillimanite-biotite gneiss). Each map is 600 x 700 pixels 
with beam properties of 15.0 kV, 30.11 nA, a beam diameter of 3um and a dwell time of 30 ms. 
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 The majority of the biotite defines the foliation, however, a small percentage of biotite 
has a large degree of offset from the overall foliation (Figure 20). The biotite, however, has 
almost no compositional variation between grains that define the foliation and grains with a large 
degree of offset, with both having an average phlogopite composition of X
   
  
= 0.48. This offset 
is not expressed in any of the sillimanite, which helps define the major foliation.  
Figure 19. X-ray map of garnet 2 from RC-01 (garnet-sillimanite-biotite gneiss). Each map is 600 x 600 pixels 
with beam properties of 15.0 kV, 30.13 nA, a beam diameter of 3 um, and a dwell time of 30 ms. 
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This sample contains oxides in both the matrix and as inclusions in garnet. The oxides in 
the matrix were determined by EMP to be ilmenite. The inclusions in garnet were determined to 
be rutile.  
Orthoamphibolite 
 Garnet, orthoamphibole, biotite, and feldspar were analyzed for major element chemistry 
using the same methods as used in the pelite samples. Amphibole was recalculated based on 23 
oxygens and named using the classification system by Leake (1978). The amphibole has little to 
no variation in X
 
   (Table 8).  
 
2LNP-Ortho 
2LNP-Ortho is a garnet orthoamphibolite that was collected in the southern part of Nez 
Perce Gully in the quartz-feldspar-biotite gneiss unit (X(A)qf). This outcrop has a brown 
appearance with large garnet up to 2 cm in diameter and pinkish brown orthoamphibole. It is in 
contact with highly weathered mica schist to the south and its northern contact is covered by 
alluvium. The equilibrium mineral assemblage is Grt + Opx + Bi + Ath + Pl + Ilm + Ru + Qtz. 
The garnet analyzed by EMP is almandine-rich with a maximum value of X
   
   
= 0.67 at 
the retrograde outer rim. This peak value then immediately drops at inner rim where the prograde 
zoning is preserved. The inner rim has a value of X
   
   
= 0.60 which gradually increases to 
X
   
   
= 0.64 at the core (Figure 11G). Strong zoning was also observed in the magnesium 
Figure 20. RC-01 photomicrographs of A): Mineral mat consisting primarily of plagioclase and K-feldspar. B): 
Biotite displaying the main orientation of foliation, but a few grains of biotite are at a high angle to the main 
direction of foliation. C): Blocky sillimanite with a hercynite inclusion in one of the sillimanite grains. 
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composition of the sampled garnet (Figure 21). The magnesium composition shows an inverse 
relationship to the composition of the iron. The magnesium rim composition is X
   
   
= 0.25 
which then increases immediately to X
   
   
= 0.31 then slowly decreases to a minimum of X
   
   
= 
0.20 at the core. Zoning of calcium displays a gradual increase in composition from X
   
   
= 0.06 
at the rim to a maximum composition of X
   
   
= 0.15 at the core. Little to no zoning of 
manganese was observed with core and rim compositions of X
   
   
= 0.01 and X
   
   
= 0.02, 
respectively. Much of the garnet is disarticulated and has been mostly replaced by chlorite, 
biotite, anthophyllite, and plagioclase (Figure 22). Larger garnet, 3-4-mm in diameter, contains 
inclusions of quartz, plagioclase, biotite, and rutile. 
The large orthoamphibole (1 by 7 cm maximum) is highly fractured with an average 
composition of X
 
  = 0.61. The orthoamphibole was analyzed by EMP and then determined to 
be anthophyllite using classification system by Leake (1978) for orthoamphibole. 
 
Figure 21. X-ray map of a garnet from 2LNP-Ortho (garnet orthoamphibolite). Each map is 600 x 700 pixels 
with beam properties of 15.0 kV, 99.93 nA, diameter of 5 um, and a dwell time of 50 ms. 
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This sample contains 5% small tabular biotite, 0.75 x 0.2 mm, which defines the poor 
foliation. The biotite in 2LNP-Ortho has the highest phlogopite component out of any sampled in 
this study with an average of X
   
  
= 0.63. 
The majority of the plagioclase occurs in the matrix. Anorthite content of plagioclase in 
the sample ranges from X
  
  
= 0.23-0.31 in the matrix and X
  
  
= 0.25 to 0.37 as inclusions in 
garnet.  
Oxides occur both in the matrix and as inclusions in garnet. The majority of oxides are 
ilmenite but lesser amounts of rutile occur in the sample. The ilmenite occurs slightly more in the 
matrix than as inclusions in garnet, while, the majority of the rutile occurs as garnet inclusions 
with only a few grains occurring in the matrix. 
 
Amphibolite 
 Garnet, amphibole, biotite, and feldspar were analyzed for major element chemistry using 
the same methods as used in the metapelite samples 
 
OG-02 
 OG-02 is a garnet amphibolite within the garnetiferous gneiss unit (X(A)g) of O’Neill’s 
Gulch. This amphibolite is black with white felsic layers that have mm-scale red garnet in the 
felsic layers. The black area consists of amphibole and biotite while the felsic layers are quartz 
and plagioclase. This amphibolite is two meters thick and is in contact on each side with a small 
Figure 22. 2LNP-Ortho photomicrographs of A): Typical replaced garnet; minerals in the garnet included  
amphibole, quartz, plagioclase, chlorite, and calcite. B): Large intact garnet with original inclusions of quartz, 
and plagioclase. C): A large quartz ribbon surrounded by typical plagioclase. The notice smaller quartz grains 
with sutured boundaries. 
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outcrop of orthoamphibole that is approximately 1 m thick. Petrographic analysis revealed an 
equilibrium mineral assemblage of Grt + Bi + Hbl + Pl + Ilm + Qtz.  
 Garnet in the sample is subhedral with numerous inclusions of plagioclase, quartz, 
and some rutile. Garnet analyzed from OG-02 displays a thin, distinct rim with a sharp increase 
in the core in the almandine, grossular, and spessartine components (Figure 23 and 24). Charge 
balance also indicate a minor amount of Fe
3+
, with andradite content ranging from X
    
   
= 0.00-
0.02 in Garnet 1 and X
    
   
= 0.01-0.02 in Garnet 2, where X
   
   
= 
[Fe
3+
/(Al+Fe
3+
)]x[Ca/(Ca+Mg+Mn+Fe
2+
)]; no systematic zoning was observed. Core 
composition of Garnet 1 are X
   
   
=0.62, X
   
   
= 0.09, X
   
   
= 0.23, and X
   
   
= 0.03, and rim 
composition are X
   
   
=0.66, X
   
   
= 0.18, X
   
   
= 0.14, and X
   
   
= 0.01 (Figure 11H). In 
addition to the core and rim compositions, both the almandine and pyrope zoning profiles have 
peaks (negative for almandine and positive for pyrope) near the rim which helps define the thin 
rim. At this peak, the almandine composition is at its minimum in the garnet with a composition 
of X
   
   
=0.56, and the pyrope is at its maximum with a composition of X
   
   
= 0.20. Garnet 2 
displays the same pattern as Garnet 1 in almandine, spessartine, and andradite. However, no near 
rim peak of pyrope exists as it does in Garnet 1. This peak instead appears in the grossular 
component in Garnet 2 (Figure 11I). Almandine has composition of core X
   
   
= 0.58, near rim  
X
   
   
= 0.55, and rim X
   
   
= 0.60. Pyrope compositions are X
   
   
= 0.17 at the rim and X
   
   
= 
0.09 at the core. Rim X
   
   
= 0.17, near rim maximum X
   
   
= 0.26, and core X
   
   
= 0.22 are the 
compositions for grossular. Spessartine has a rim composition of X
   
   
= 0.01 and a core 
composition of X
   
   
= 0.03. This gradual increase of Mn from rim to core in the garnet is the 
preservation of growth zoning. 
Amphibole has an X
 
  = 0.54-0.60. The amphibole is classified as magnesiohornblende 
using the Leake (1978) classification of calcic amphibole. However, a few of the amphibole 
grains fall into the tschermakite field. Since most of the amphibole is classified as 
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magnesiohornblende all of the amphibole in the OG-02 will be referred to as 
magnesiohornblende in this paper.  
A small amount (1%) of tabular biotite, 1.0 x 0.5mm, occurs with the larger hornblende, 
2.5 x 0.5 mm, in this sample. This biotite was analyzed with EMP and determined to have a 
phlogopite composition of X
   
  
= 0.55. However, due to the large amount of chloritization of the 
biotite, these compositional results cannot be used for later analysis.  
Plagioclase occurs as inclusions in garnet, and as clusters in close proximity to garnet 
(Figure 25). The plagioclase has an anorthite composition ranging from X
  
  
= 0.38-0.47 in 
garnet inclusions and X
  
  
= 0.36-0.50 in the matrix. 
Small amounts (< 1%) of orthopyroxene occur in the matrix of the sample. When the 
orthopyroxene occurs it is in close proximity (usually in contact) to matrix ilmenite and is 
interpreted to be retrograde. 
Oxides are observed both in the matrix and as inclusions in the garnet. The oxides in the 
matrix were determined to be exclusively ilmenite. Oxides occurring as garnet inclusions were 
determined to be both ilmenite and rutile.  
 
Garnet Zoning 
EMP analysis of garnet zoning reveals that all of the metapelite samples have a flat core 
profile, which signals they have all experienced re-equilibration. The flat zoning profile across 
the core indicates that all of the pelite samples spent significant time above 700 °C which 
allowed for the ions to diffuse from areas of high concentration to areas of lower concentration 
(Tracy et al., 1976; Woodsworth, 1977; Yardley, 1977; Carlson & Schwarze, 1997). In addition 
to the flat profile, 2OG-12 and RC-01 have elevated Mn in the rims, indicating they have 
experienced retrograde resorption after the re-equilibration of the cores occurred.  
Garnet in the two mafic samples has elevated concentrations of Mn in the rims indicating 
they also experienced retrograde garnet resorption. Along with the small retrograde rim, OG-02 
has a bell-shaped curve in Mn indicating the prograde growth zoning history has been preserve. 
The garnet in 2LNP-Ortho shows a very subtle remnant prograde core as well as a very distinct 
retrograde rim. The preservation of the subtle prograde zoning profile in the core may be due to 
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its large size. This large caused the prograde path to still be slightly preserved even though it also 
experienced temperatures above 700 °C. 
 
Figure 23. X-ray map of garnet 1 from OG-02 (garnet amphibolite). Each map is 650 x 650 pixels with beam 
properties of 15.0 kV, 30.47 nA, a beam diameter of 1 um, and a dwell time of 40 ms. Note the growth zoning in 
Mn.  
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Figure 24. X-ray map of garnet 2 from OG-02 (garnet amphibolite). Each map is 600 x 600 
pixels with beam properties of 15.0 kV, 30.17 nA, a beam diameter of 3 um, and a dwell time 
of 30 ms. Note the growth zoning in Mn. 
Figure 25. OG-02 photomicrographs of A): Garnet with inclusions of quartz and plagioclase. B): 
Plagioclase mat on the left hand side of the slide. The garnet in the slide has inclusions of quartz.  
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Phase Equilibria Modeling 
OG-03 
 OG-03 has an equilibrium mineral assemblage of Grt + Sill + Bi + Pl + Ksp + Ilm + Qtz, 
which was determined by petrographic and microprobe analysis. This mineral assemblage was 
constrained to a pressure range of 5.4 to 8.9 kbar and a temperature range of 750 to 760°C 
(Figure 26). The almandine isopleths are nearly vertical with composition ranging from XFe= 
0.68 at higher temperatures to XFe=0.84 at lower temperatures. Grossular ranges from XCa= 0.02 
to 0.07 at high temperatures and XCa= 0.23 to XCa= 0.26 at high pressures. Grossular isopleths 
form a “V” due to the influence of pressure and temperature being closer to equal than they are 
in almandine or biotite. Biotite isopleth compositions range from XMg= 0.30 to 0.58 with the 
higher compositions correlating to higher temperatures. Biotite leaves the system at about 880 
°C. The observation that ilmenite occurs both as garnet inclusions and in the matrix with no 
rutile in the sample agrees with the pseudosections predictions of ilmenite being stable 
throughout the entire P-T space of the pseudosection with no rutile being stable. Overlapping 
isopleths constrain the peak P-T of this sample to 8.7 kbar and 750 °C. 
 
2OG-12 
 Using the equilibrium mineral assemblage determined by petrographic and microprobe 
analysis of Grt + Ky + Bi + Pl + Ksp + Ilm + Qtz, the P-T of 2OG-12 was constrained to 9.3 – 
11.1 kbar and 770 - 810 °C. Compositional isopleths for XMg in biotite were calculated (Figure 
27). The isopleths range from XMg = 0.42-0.68, increasing in Mg content with increasing 
temperature and pressure. Biotite is no longer stable around 860 °C. The mean matrix 
composition of XMg= 0.45 has a peak pressure of 11.1 kbar and max temperature of 800 °C. The 
isopleths for garnet are for almandine composition of XFe. The composition of almandine ranges 
from XFe= 0.56-0.80 with the highest composition being in the core of the garnet (Figure 11C). 
The mean almandine composition of sample 2OG-12 is XFe= 0.76 which has a maximum 
pressure 11.1 kbar and temperature of 810 °C. The isopleths overlap in the stability field which 
includes ilmenite as the stable oxide. This agrees with the observation that ilmenite is the only 
stable oxide in the sample. Overlapping isopleths constrain the peak P-T of this sample to 9.6 
kbar and 780 °C. 
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Figure 26. OG-03 pseudosection and isopleths of almandine garnet, grossular garnet, and biotite. Green areas 
represent compositions from microprobe analysis. Field enclosed in thicker line is area of stable mineral 
assemblage in rock sample. The green star is the area where all isopleths intersect. 
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Figure 27. 2OG-12 pseudosection and isopleths of almandine garnet, grossular garnet, and biotite. Green areas 
represent compositions from microprobe analysis. Field enclosed in thicker line is area of stable mineral 
assemblage in rock sample. The green star is the area where all isopleths intersect meet. 
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BP-03 
 Grt + Sill + Bi + Pl + Ksp + Ilm + Qtz is the equilibrium mineral assemblage in BP-03. 
This assemblage constrains the pressures and temperatures to 5.2 to 8.2 kbar and 750 to 810 °C 
(Figure 28). Isopleths of almandine, Mg in biotite, and grossular were used to further constrain 
the P-T of sample BP-03. Almandine isopleths range from XFe = 0.72-0.82, with the higher 
composition correlating to lower pressures and temperatures. XMg compositions of biotite range 
from 0.28 to 0.54. The higher concentration of Mg correlates to higher temperatures, where 
temperature has a much larger influence on Mg concentration. Grossular isopleths range from 
XCa= 0.02-0.1 with higher concentrations corresponding to low pressures. Analysis of 
microprobe data yields compositions of XFe = 0.81 for almandine, XMg= 0.35 for biotite, and 
XMn= 0.05 for grossular. Petrographic observations reveal that ilmenite is the only oxide in the 
sample which agrees with the pseudosections prediction of ilmenite being the only stable oxide. 
Overlapping isopleths constrain the peak P-T of this sample to 8.6 kbar and a temperature of 770 
°C. 
 
RC-01 
 The equilibrium mineral assemblage of RC-01 is Grt + Sill + Bi + Pl + Ksp + Ilm + Qtz, 
with the garnet including a small component of andradite. The equilibrium mineral assemblage 
was constrained to a pressure range of 6 to >10 kbar and a temperature range of 790 to 860 °C 
(Figure 29). This range was refined through the use of almandine garnet, biotite, and grossular 
garnet isopleths. Plagioclase isopleths were not used due to the low amount of plagioclase in the 
sample (~ 2%). The almandine isopleths are more sensitive to changes in temperature resulting 
in near vertical isopleths above 790 °C (Figure 29). The isopleths range from XFe= 0.52 at higher 
pressures and temperatures to XFe= 0.78 at lower pressures and temperatures. The isopleths are 
absent in the lower left of the pseudosection where garnet is absent from the mineral 
assemblages. Biotite also has nearly vertical isopleths above 790 °C resulting from the heavy 
influence of temperature on biotite composition at higher temperatures. The isopleths are more 
equally influenced by pressure and temperature at lower temperatures. The compositions of the 
isopleths range from XMg= 0.38 to XMg= 0.74, with higher Mg compositions correlating to higher 
pressures and temperatures. Grossular garnet isopleths have more of a pressure influence than the 
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biotite or almandine. The grossular isopleths range from XCa=0.02 at lower pressures and higher 
temperatures to XCa=0.14 at higher pressures and lower temperatures.  
The isopleth matching the core garnet compositions in RC-01 did not have an area of 
overlap as the isopleths did in all of the other pseudosections. As a result the pressure and 
temperatures were determined from the overlapping of the almandine and grossular garnet 
isopleths only.  Using only the garnet isopleth has resulted in a higher temperature than the rest 
of the samples. The lack of overlap is due to the re-equilibration in RC-01 has caused diffusional 
flattening in garnet composition. This resulted in biotite and garnet core compositions no longer 
being in equilibrium with each other. This re-equilibration has, however, caused the garnet rim 
and biotite compositions to be in equilibrium. The observation that the almandine rim 
composition is in equilibrium with the biotite composition is interpreted to be the preservation of 
retrograde metamorphism in the sample. However, isopleths for biotite, almandine garnet, and 
grossular garnet were still run and placed on the same pseudosection. All of the isopleths were 
within the stable mineral assemblage field. The pressure and temperature for metamorphism 
were determined from the core compositions of XFe=0.64 for almandine, XMg=0.48 for biotite, 
and XCa=0.03 for grossular were used. This stability field also agrees with the observation that 
ilmenite is the only stable oxide in the matrix. There is, however, rutile that occurs as inclusions. 
The inclusions of rutile in the garnet are a result of the P-T path passing through the rutile 
stability field before the sample equilibrated in the ilmenite stability field. This caused the matrix 
rutile to become unstable and to be converted into ilmenite while the rutile inclusions were 
shielded by the garnet allowing for the rutile in the garnet to remain. Overlapping isopleths 
constrain the peak P-T of this sample to 8.6 kbar and a temperature of 840 °C. 
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Figure 28. BP-03 pseudosection and isopleths of almandine garnet, grossular garnet, and biotite. Green areas 
represent compositions from microprobe analysis. Field enclosed in thicker line is area of stable mineral 
assemblage in rock sample. The green star is the area where all isopleths intersect. 
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Figure 29. RC-01pseudosection and isopleth of almandine garnet, grossular garnet, and biotite. Green areas 
represent compositions from microprobe analysis. Field enclosed in thicker line is area of stable mineral 
assemblage in rock sample. The green star is the area where almandine and grossular garnet isopleths intersect. 
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Figure 30. 2LNP-Ortho pseudosection and isopleths. Isopleths are of almandine garnet, anthophyllite, and 
biotite. Green areas represent compositions from microprobe analysis. Field enclosed in thicker line is area of 
stable mineral assemblage in rock sample. The green star is the area where all isopleths intersect. 
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Figure 31. OG-02 pseudosection and isopleths. Isopleths are of almandine garnet, hornblende, and biotite. 
Green areas represent compositions from microprobe analysis. Field enclosed in thicker line is area of stable 
mineral assemblage in rock sample. The green star is the area where all isopleths intersect. 
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2LNP-Ortho 
 The stable mineral assemblage of Grt+ Opx + Bi + Ath + Pl + Ilm + Ru + Qtz was 
constrained to pressures of 7.4->10.0 kbar and temperatures 600-810 °C. P-T conditions were 
further constrained using compositional isopleths of almandine, anthophyllite, and anorthite 
(Figure 30). The almandine isopleths are more sensitive to changes in pressure causing a more  
vertical trend in each isopleth, which ranges from XFe of 0.58 at higher temperatures to XFe of 
0.68 at lower temperatures. The anthophyllite isopleths are more equally affected by both 
pressure and temperature and increase in XMg with increasing pressure and temperature. The 
plagioclase is equally affected by both pressure and temperature, which results in isopleths 
increasing in XFe with increasing temperature and decreasing pressure. The pseudosection and 
petrographic observations both have ilmenite and rutile stable in the equilibrium assemblage. 
Petrographic observations reveal that there is a greater amount of rutile occurring as garnet 
inclusions than occurring in the matrix. This is due to the P-T path approaching rutile a stability 
field where rutile is no longer stable. This caused a majority of the matrix rutile to become 
unstable and caused the rutile to become resorbed and converted to ilmenite. This conversion of 
rutile to ilmenite also increased the amount of matrix ilmenite in the sample. Overlapping 
isopleths constrain the peak P-T of this sample to of 9.5 kbar and temperature of 780 °C 
determined. 
 
OG-02 
 The equilibrium mineral assemblage of Grt + Bi + Hbl + Pl + Ilm + Qtz was used to 
constrain the pressure and temperature to a range of 6.9-11.5 kbar and <600-860 °C in OG-02. 
Compositional isopleths of almandine, grossular, and amphibole were used to further constrain 
the pressures and temperatures (Figure 31). The almandine isopleths are predominantly 
horizontal and range from 0.52 at higher pressures to 0.70 at lower pressures. The grossular 
isopleths have a slope close to one with the lowest concentrations of XCa at lower pressures and 
temperatures and higher concentrations at higher P-T. The XFe concentrations of amphibole 
follow the same pattern as the biotite isopleths. Ilmenite occurs in both the matrix and as 
inclusions in garnet which agrees with the pseudosection, however, there are also rutile 
inclusions in garnet in the sample. These garnet inclusions are not reflected in the pseudosection. 
This is due to the P-T path passing through the rutile stability field before stabilizing at a 
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pressure and temperate where rutile is not stable. This cause the matrix rutile to be resorbed and 
converted to ilmenite while the rutile inclusions on garnet where protected by the garnet. The 
isopleth do not completely overlap in this sample due to retrograde flattening of the almandine 
and grossular isopleths. They are, however, all within close proximity to each other with in the 
equilibrium assemblage. Averaging the compositions determined from microprobe analysis of 
almandine XFe= 0.60, grossular XCa= 0.22, and amphibole XFe= 0.58 constrain the peak P-T of 
this sample to pressure of 9.4 kbar and temperature of 790 °C. 
 
Discussion 
Gneiss Dome Comparison 
In order to be classified as a gneiss dome, the metamorphic rocks of the southern HM 
should follow certain defining criteria, and they are: (1) an overall domal shape, (2) an outward 
dip of foliation, (3) the inclusion of partial melt (leucosome) in the rocks, and (4) an increase in 
metamorphic grade towards the center of the dome (Dusel-Bacon and Foster, 1983). 
The southern HM contain a large anticline that trends perpendicular to the leucocratic 
core, and observations from this study indicate an overall outward dip of foliation on the flanks 
of the study area. Outward dipping flanks and a large anticline in the study area agree with the 
gneiss dome hypothesis, however, there are many locations inward from the edges of the study 
area where measurements show that foliation dips towards the center of the area. The inward 
dips are part of smaller anticlines and synclines north and south of the large anticline. The 
occurrence of these smaller anticlines and synclines suggest that the metamorphic rocks of the 
southern HM are not contained in one large-scale dome but a series of plunging anticlines and 
synclines.  
The metamorphic rocks in the southern HM do contain partial melt, which agrees with 
the gneiss dome hypothesis. Three pelitic samples, OG-03, 2OG-12, and BP-03, contain between 
4-7% leucosome, with RC-01 containing two to three times as much at 15%. These low 
percentages are most likely due to melt loss during metamorphism. This melt loss caused 
rotation of biotite in RC-01, but no traces can be observed in any other sample. A leucosome 
content of 4-7% is lower than the 10-40% in the core that Teyssier and Whitney (2002) suggest 
is necessary for gneiss dome formation, however, since these samples are not located in the core, 
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and have suffered melt loss, the low leucosome content does not eliminate the gneiss dome 
hypothesis.  
Pseudosections were constructed from six samples to determine if there is a systematic 
decrease in pressures and temperatures from the core to the flanks of the metamorphic rocks in 
the southern HM; a criterion required for the gneiss dome hypothesis to be valid. Metamorphic 
conditions determined from the pseudosections for the six samples indicate that pressures and 
temperatures range from 8.6 to 9.6 kbar and 750 to 840 °C in the southern HM with the higher 
pressures and temperatures occurring farther from the hypothesized center of the dome. These 
findings agree with the observation of Gerwin (2006) in which she used mineral assemblages 
from petrographic data and determined that higher pressures and temperatures were found farther 
from the hypothesized center of the dome, which is inverse from the definition of a gneiss dome. 
However, the lack of significant variation in pressures and temperatures from this study means 
that these data are not statically meaningful as all of the pressures and temperatures are the same 
within error. Although the pressures and temperatures do not vary enough to distinguish any 
spatial trends which confirm or rule out the gneiss dome hypothesis; this lack of spatial 
variability does not support the gneiss dome hypothesis. If the southern HM were in fact a gneiss 
dome then a distinguishable trend of decreasing pressure and temperature from core to the rim 
should be apparent. 
 
Conditions and Nature of Metamorphism 
Four metapelite samples were collected for petrographic observation and microprobe 
analysis; two (2OG-12 and OG-03) from the mylonitic biotite gneiss unit, one (BP-03) from the 
garnet-rich gneiss and schist unit, and one (RC-01) from the garnet-biotite gneiss unit (O’Neill et 
al., 1996). Petrographic observation of 2OG-12 indicates that the P-T path passed through the 
kyanite stability field before entering the sillimanite stability field, which is evidenced by a few 
grains of remnant kyanite, a grain of kyanite with sillimanite rims, and sillimanite pseudomorphs 
of kyanite (Figure 32). This observation is confirmed by the pseudosection of 2OG-12 in which 
the compositional isopleths converge just above the kyanite-out reaction. Since in nature these 
lines are not sharp as they appear on the pseudosection, this allowed for the sillimanite to start 
replacing the kyanite rapidly with just a small drop in pressure, which would have occurred as 
the area was being exhumed due to denudation. None of the other pelite samples contained 
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kyanite, as either relict grains or pseudomorphs, which was confirmed by pseudosections 
predicting peak metamorphic conditions in the sillimanite stability field. Field and petrographic 
observations reveal that all of the pelite samples reached temperatures that were sufficient to 
partially melt the rocks. Petrographic analysis of the samples revealed the majority of the 
leucosome is comprised of microcline, and there is a complete lack of muscovite in all samples. 
The appearance of K-feldspar and lack of muscovite indicate that the samples have completely 
undergone the reaction Mu + Pl + Qtz Sill + K-feldspar + melt, which confines the minimum 
temperature for metamorphism of the samples to 600 °C (Spears, 1993). However, the 
pseudosections suggest that for bulk rock compositions from samples in this study the muscovite 
out reaction is closer to 750 °C at the pressure experienced during metamorphism in the southern 
HM. Using the temperatures determined from the pseudosections, a more accurate minimum 
temperature 750 °C is found for the southern HM. Although all of the samples share a lack of 
muscovite, the amount of leucosome differs in each. The observed melt content for the pelite 
samples is ~15% in RC-01, 7% in 2OG-12, 5% in OG-03 and 4% in BP-03. The same pattern 
that is seen in melt content is almost mirrored in the temperatures determined from the 
constructed pseudosections, with RC-01 experiencing the highest temperatures during 
metamorphism and OG-03 the lowest, with 2OG-12 and BP-03 having experienced the second 
and third highest temperatures during metamorphism suggesting the relative leucosome content 
can be used to indicate decreasing temperatures in the southern HM. 
RC-01 shares the same stable mineral assemblage of Grt + Sill + Bi + Pl + Ksp + Ilm + 
Qtz as OG-03 and BP-03. However, the presence of an andradite component in the garnet, 
blocky sillimanite, quartz with undulose extinction and minor amounts of biotite at high angles 
to the main direction of foliation help distinguish it from other samples. Biotite at high angles to 
the main direction of foliation, along with a flat garnet zoning profile elucidates that the 
Rochester Creek area experienced temperatures above 700 °C (Tracy et al., 1976; Woodsworth, 
1977; Yardley, 1977; Carlson & Schwarze, 1997). This time elevated above 700 °C allowed for 
the Rochester Creek area to lose the majority of its leucosome and become a restite. The melt 
lost could then have caused some of the biotite to become reoriented by the migration of the 
melt, or the offset biotite could represent a back reaction of melt during cooling. 
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 Two mafic samples, OG-02 and 2LNP-Ortho, were collected from the southern HM. OG-
02 is an amphibolite collected from the garnet-rich gneiss and schist unit in O’Neill’s Gulch. 
2LNP-Ortho, an orthoamphibolite, was collected from the quartz-feldspar-biotite gneiss unit 
Figure 32. Black arrow indicates P-T evolution of the southern Highland Mountains on a generic P-T 
diagram. Green rectangle represents M1 P-T estimate of the Tobacco Root Mountains.  Green and white 
striped rectangle represents M2 P-T estimate of the Tobacco Root Mountains.  Blue hexagon represents 
P-T estimate of the Ruby Range.  Dashed lines indicates inferred path. Red dotted line is H20 out liquid 
in transition zone off pelitic samples. Blue dashed line represents pressures and temperatures at which 
muscovite is no longer stable and the reaction muscovite + quartz --> potassium feldspar + 
aluminosilicate occurs in pelitic samples. Conditions in which rutile is no longer stable below for pelitic 
samples is expressed by the solid orange line. The thicker solid black line is the conditions above which 
sillimanite goes to kyanite for pelitic samples. The field with diagonal lines is the orthopyroxene 
stability filed for the amphibolite sample. Purple dashed line represents conditions in which rutile is no 
longer stable below for mafic samples. The solid green line represents the upper temperatures stability 
in which orthoamphibole is stable. TRM data modified from Cheney et al. (2004), RR data modified 
from Ravna (2000) and Dahl (1980). 
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(X(A)qf) in lower Nez Perce Hollow. Garnet in these samples have a retrograde rim and many 
inclusions of plagioclase, quartz, and rutile, indicating garnet growth lasted through the duration 
of metamorphism. Both samples have rutile inclusions in garnet with 2LNP-Ortho having a few 
(< 1%) rutile grains in the matrix. The higher percentage of rutile in garnet than the matrix 
indicates that the sample reached pressures high enough to produce rutile and then decreased. In 
OG-02 the pressure decreased below the rutile stability field, which caused the rutile inclusions 
in garnet to be preserved while the matrix rutile was resorbed and converted to ilmenite. 
However, the compositional isopleths on the OG-02 pseudosection place the peak metamorphic 
assemblage well below the rutile stability field and do not reflect this early stage of rutile growth. 
The lack of matrix rutile in the samples can be used as a proxy for a maximum pressure in the 
mafic samples. In OG-02, this limits peak metamorphic pressures to less than 11.5 kbar. The 
small amount of rutile in the matrix indicates that the stable mineral assemblage formed just 
above the rutile-in line which occurs at ~9.1 kbar at a temperature of 780 °C for 2LNP-Ortho. In 
2LNP-Ortho, a maximum temperature can be estimated using the equation of anthophyllite  
enstatite + quartz + H2O which occurs slightly above 750 °C (Duncan, 1976). This gives a 
maximum temperature slightly above 750 °C due to the presence of anthophyllite with small 
amounts of enstatite (1%). If the temperature had greatly exceeded 750 °C, then the percentage 
of enstatite would have increased due to the reaction. However, when the pseudosection is used 
to determine a peak metamorphic temperature a peak temperature of 780 °C is found.  
 Petrographic analysis and phase equilibria models reveal that the metamorphic rocks of 
the southern HM evolved along a clockwise P-T path that passed through the kyanite and 
sillimanite stability fields. The presence of a few remnant kyanite grains and sillimanite 
pseudomorphs after kyanite in 2OG-12 indicate that the path passed through the kyanite field 
before equilibrating in the sillimanite field. A clockwise P-T path is also evidenced by the 
retrograde garnet rims, which indicate re-equilibration of garnet during decompression. The 
occurrence of retrograde garnet rims in all of the pelite samples indicates that all these samples 
experienced a similar clockwise P-T path. The abundant sillimanite, melt, and flat garnet zoning 
profiles indicate that the samples spent prolonged time in the sillimanite field above the solidus. 
The path of the pelitic rocks is further constrained by the presence of K-feldspar in all samples 
indicating that temperatures reached the muscovite-out reaction of Mu + Pl + Qtz Sill + K-
feldspar + melt. The mineral assemblages, along with the pressures and temperatures determined 
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from pseudosections, places peak metamorphism in the upper amphibolite to lower granulite 
facies above the muscovite-out isograd (750 °C). The area then experienced decompression, 
likely due to unroofing. 
The clockwise P-T path is apparent in the mafic samples with rutile inclusions in garnet 
with little–to-no matrix rutile and retrograde garnet rim compositions indicating pressure 
decrease with little temperature change. This clockwise P-T path, with a decrease in pressure and 
little change in temperature, is consistent with isothermal decompression due to rapid uplift via 
unroofing that was experienced in the TRM (Cheney et al., 2004; Harms et al., 2006). 
 
Regional Context 
The southern HM, TRM, RR, and northern GR all share a similar metamorphic sequence 
of rocks which record a metamorphic event with a clockwise P-T loop around 1.8 Ga. This 
metamorphic event is called the Big Sky orogeny and was likely the result of the collision 
between the Wyoming Province and the Medicine Hat block (Harms et al., 2004). Prior to the 
collision sediments where shed off the Wyoming Craton into an epicontinental sea (Harms et al., 
2004). As the collision of the Big Sky orogeny occurred the sediments and basement rocks in the 
epicontinental sea were buried to different depth beneath an overriding terrane. These basement 
rocks and sediments now make up what Harms et al. (2004) refers to as the ductiley deformed 
metamorphic core of the Big Sky orogeny. When the pressure and temperature estimates from 
the TRM and RR are overlain on the P-T path of the southern HM a trend emerges that may 
indicate the presence of a metamorphic field gradient where the metamorphic rocks record the P-
T conditions of burial which represents a more complete regional P-T path of the Big Sky 
orogeny (Figure 32).  This metamorphic field gradient is observed when both the distance from 
Giletti’s line and the P-T conditions of the four mountain ranges are compared.  This comparison 
reveals a trend of decreasing pressure and temperature towards Giletti’s line.  This trend suggests 
that the HM and TRM represent the core of the Big Sky orogeny while the RR and northern GR 
are the flanks of the Big Sky orogeny core.  
Although the southern HM, TRM, RR, and northern GR are located in the core of the Big 
Sky orogeny, differences in the pressures and temperatures at each mountain range suggest 
different burial depths within the metamorphic core. Of the four mountain ranges, the 
metamorphic rocks of the TRM experienced the highest grade of metamorphism (granulite 
facies) with pressures above 10 kbar and temperatures above 800 °C (Cheney et al., 2004). The 
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southern HM experienced similar pressures and temperatures to those observed in the TRM, with 
the maximum pressure recorded in a garnet-kyanite-biotite gneiss of 9.6 kbar and a maximum 
temperature of 850 °C in a garnet-sillimanite-biotite gneiss. The similar pressures with lower 
temperatures in the TRM may be due to the SPMS being faulted into place after the injection of 
the basaltic material that makes up the MMDS. The faulting of the colder SPMS into place 
would have cooled the TRM, which had been heated from the emplacement of the hot basaltic 
material. However, this cooling caused by the emplacement of a colder suite of rock did not 
occur in the southern HM, which allowed the southern HM to become hotter while experiencing 
similar pressures. 
During the Big Sky orogeny, the northern GR experienced significantly lower pressures 
and temperatures than the other three mountain ranges with maximum pressure and temperature 
around the andalusite-kyanite-sillimanite triple point (Gerwin, 2006). In contrast to the northern 
GR, the metamorphic rocks of the south and central GR do not record a metamorphic event 
during the Big Sky orogeny.  
The observation that the TRM consists of a supracrustal suite of rocks with an igneous 
protolith with some of the highest pressure and temperature of the four mountains ranges 
suggests that the metamorphic rocks of the TRM were stratigraphically lowest and therefore 
experienced the deepest burial of the four mountain ranges. The similar pressures and 
temperature experienced in the southern HM suggest that they may have shared a similar burial 
depth, however, the occurrence of metamorphic rocks both with igneous and sedimentary 
protoliths indicates that the protolith from the southern HM not only incorporated basement rock 
(which is the case in the TRM) but also incorporated ocean floor sediments. While the lower two 
metamorphic sequences of the RR have similar rock types to that of the TRM and southern HM, 
the uppermost sequence consists of metapelite rocks, which includes dolomitic marble and 
quartzite. The presence of significant dolomitic marble and quartzite suggests that the majority of 
this upper sequence is metamorphosed ocean floor or passive margin sediments. This suggests all 
of the protolith rocks of the RR were located at a passive margin, indicating that the RR lies 
stratigraphically above the southern HM. P-T data from the RR also confirms this stratigraphic 
position with pressures and temperatures slightly lower than those of the southern HM. The GR 
occurs stratigraphically highest due to the fact that it records the lowest pressures and 
temperatures of the four mountain ranges. When the pressure and temperature trends (which can 
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be used as a proxy for depth) are evaluated in conjunction with the rock protoliths a pattern 
emerges suggesting that the TRM, southern HM, RR, and northern GR, represents a nearly 
continuous stratigraphic exposure of rocks from the metamorphic core of the Big Sky orogeny. 
However, differences in retrograde mineral textures suggest that these mountains ranges have 
distinct exhumation histories.  In both the TRM and RR previous studies have found cordierite 
coronas around garnet (Cheney et al., 2004; Dahl, 1979; Garihan, 1979), however, no cordierite 
was observed in any samples from the southern HM.  The presence of cordierite in both the TRM 
and RR suggest that they both experienced isothermal decompression and were exhumed to 
midcrustal levels resulting in retrograde cordierite growth.  The lack of cordierite in the southern 
HM is due to higher amounts of melt that formed in the rocks of the southern HM during 
metamorphism.  The higher amount of melt resulted in an increase in buoyancy and decrease in 
viscosity leading to faster rates of exhumation for the metamorphic rocks of the southern HM 
relative to metamorphic rocks in the other mountains ranges.  This faster exhumation in the 
southern HM caused the metamorphic rocks to be quenched before reaction textures and 
minerals (i.e. cordierite) could form. 
 
CONCLUSIONS 
 The southern HM contain a suite of upper amphibolite to lower granulite grade 
metamorphic rocks that record a clockwise P-T path that reached the kyanite stability field 
before decreasing in pressure due to unroofing and re-equilibration at lower pressures. All of the 
metapelite units in the southern HM have the equilibrium mineral assemblage Grt + Ky/Sill + Bi 
+ Pl + K-feldspar + Ilm + Qtz and record pressures ranging from 8.6 to 9.6 kbar and 
temperatures ranging from 750 to 840 °C in the mylonitic biotite gneiss unit to 8.6 kbar and 840 
°C in the garnet-biotite gneiss unit. These pressures and temperatures are all within error of each 
other and therefore do not show a spatial trend that confirms or contradicts the gneiss dome 
hypothesis put forth by O’Neill et al. (1988). However, if the area does contain a gneiss dome 
there should be a noticeable trend of decreasing pressures and temperatures with increasing 
distance from the center of the dome. This lack of decreasing pressure and temperature suggests 
that there is not a gneiss dome in the southern HM. The southern HM do, however, fit in well 
with the overall trends of the TRM, RR, and northern GR, which experienced similar 
metamorphic pressures and temperatures around the same time, corresponding with the Big Sky 
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orogeny. This event had a principal strain of northeast-southwest which matches the trend of the 
southern HM. During the Big Sky orogeny, pelitic rocks shed off the Wyoming Craton and 
deposited in an epicontinental sea were caught in the collision of the Wyoming Craton with the 
Medicine Hat block, causing increased pressures and temperature on the buried sediments which 
resulted in metamorphism and folding of the sediments. The metamorphic rocks then 
experienced isothermal decompression due to unroofing and equilibrated in the sillimanite 
stability field. The southern HM were then exposed due to uplift during the Laramide orogeny. 
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